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ABBREVIATIONS 


aq, » aqueous 

atm. = atmospheric or atmosphore(s) 
at. vol. = atomic volume(s) * 
at. wt. = atomic weight(s) 

T° or °K *= absolute degrees of tempo raj. uro 
b.p. = toiling point(s) 

6° centigrade degrees of temperature 
coefT. — coefficient 

cone. = concentrated or concentration 
dil, = dilute 



soln, = solution(s) 

sp. gr ~ specific gravity (gravities) 

sp. lit. = specific lieat(h) 

sp. vol. = specific voluuie(s) 

temp. = tempcralure(s) 


vap. = vapour 

In the cross references the first number in clarendon type is the number of the 
volume; the second number referif 'to tho chapter; and the succeeding number refers to the 
“ § ” section. Thus 5, 38, 24 refers to § 24, chapter 38, volumo 5. 

, The oxides, hydrides, halides, sulphides, sulphates, carbonates, mtiatos, and phosphates 
-are considered with the basic dements ; the other compounds aro taken in connection with 
the acidio element. Tho double or complex salts in connection with a given element include 
those associated with elements previously discussed. Tho carbides, siliddos, titanides, 
phosphides, arsenides, etc., are considered in connection with carbon, silicon, titanium, etc. 
The intomfttallio compounds of a given element include those associated with elements 
: previously considered. • ’ * , 

The use of triangular diagrams for representing the properties of three-componodt 
systems wp,s suggested by G.i G. Stokes ( Proc . Hoy. Soc. } 49- 174, 1891). The method was 
immediately taken up in many directions ami' ifc has proved of great value. With practice it 
becomes as useful for representing the properties of ternary mixtures as squared paper is for 
binary mixtures. The principle of triangular diagrams is based on the fact that in an equi- 
lateral triangle the sum of tho perpendicular distances of any point from the throe sides is 
a constant. Given any three substances A, H, and C, the composition of Any possible 
combination of these can be represented by a point in or on the triangle, ^ Tlbe apices of the 
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triangle repreaent tho tingle components A,*B, and C , the sides of the triangle represent binary 
mixtures of A and B, B and C , or C and A ; and points within the triangle ternary mixture. 
The compositions of the mixtures can be represented in percentages, or referred to unity, 10, 
etc. In Mg. 1 , pure A will be represented by a point at the apex marked A. If 100 be the 
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standard of reference, the print .1 represents 100 per cent, of A and nothing olso, mixtures 
containing 80 per cent, of A are represented by a point on tho line 88, GO per cont. of A by a 
point on tho lino 06, etc. Similarly with Ji and C— Figs. 3 and 2 respectively. Combine 
Figs, 1, 2, and 3 into ouo diagram by superposition, and Fig 4 results. Any point in this 



Fig. 4. — Standard Tteferonce. Triangle. 

diagram, Fig. 4, thus represents a ternary mixture. For nv ,anoo, the point M represents a 
mixture containing 20 por cent, of A, 20 por cent, of B, and 60 per eent. of C. 



CHAPTER XXXII 

BORON 

1. The History ot Boron 

• 

Under the name tincal or tinea/, the salt borax was exported to Europe from Central 
Asia, through Constantinople and Venice. It is not known when the trade began, 
but it must have been before G. Agricola, 1 since borax was much used in his«time — 
1556. According to J. G. Wallerius, the Arabian Avicenna first described tincar. 
From G. Agricola’s descriptions it is evident that his ‘'chrysocolla which the 
Moors call borras ” was the same salt rfs that now' called borax. F. Hoofer says 
that the word borax is derived from an Arabian or Persian word borak , meaning 
white. The Arabians — e.g. Avicenna, Almas'adi, Madov^s. Alhabib, Dschabir 1 1m 
Hajjan, Ibn Hauqual, etc- -some of the Greek alchemical writers- e.g . Joannis in his 
De arte sacra as well as the chemists of the Middle Ages— e.g. A. Libavius, 
A. A. Barba, etc.— see# to have included several different salts— nitrum, natron, 
and borax— under the term b({uracon , boravh , baurak, or bauraeh ; and when it was 
found that bauraeh is quite different^from nitre, the term w r as reserved in Europe 
for the one particular salt “ which first came from Tibet and India,” and the word 
was soon modified into the present-day term borax. The term baumx is used by 
Raymund Lully, and bauraeh by* Roger Bacon. G. Agricola was wrong in many 
of nis statements about borax. Ac said that the chrysocolla- chrysos, gold ; colla, 
solder— of the ancients was borax. 

A spurious work attributed to Aristotle, but thought by J. Husk a, and 
* E. 0. von Lippniann to have been written in the ninth century, refers to the use 
of nitron as a flux, and for soldering. F. Freise reported the discovery at Delos 
of. a crucible used for gold melting, which appeared to have once contained molten 
borax. The presence of Poriferous minerals in Asia Minor also indicates the 
possibility that borax may havft been known in the East. In the first ventury 
of our era, Pliny referred several times to chrysocolla, which he confused witji 
gold solder, a copper ore, and a green pigment. G. Agricola seems to have based 
an opinion on Pliny’s statemei*; that chrysocolla -used as a solder for gold and 
silver — was made from verdigrif, nitrum, and urine; and he argued that since 
borax is used in soldering gold, the two substances must be the same. G. Agricola 
said : 

Native nitrum is found in the earth or on the surface. ... It is from this variety that 
the Venetians make chrysocolla, which I call borax. . . . The second variety of artificial 
nitrum is made at the present day from the native nitrum, called by the •Arabs linear, 
but I call it usually by the Greek name chrysocolla ; it is really the Arabic borax, This 
nitrum does hot decrepitate nor fly out of the fire ; however, the native variety swells up 
from within. • * • 

f G. E. Stahl emphasized that the Venetians did not make borax, fyut rather phrified 
crude tincal. This confusion in the meaning of the word prevaijed up to the 
seidnteenth century. Paul de Canotant#, who lived in the middle of the fifteenth 
century, referred to the different kinds of liorax, and stated that one variety was 
used in fusing, and in soldering the metals. Some extraordinary guesses were made 
near the beginning of the eighteenth century as to the nature of borax. J. Zwelfer 
regarded it as a natural fixed atyrali ; G. Homberg, as a sel urineux mineral ; m and 
J. J. Becher, as a compound of the universal acid with a vitrifiabty earth. # Thf 

VOL.’ v. *1 
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confusion was partly the result of observations on the impure tincal which gave 
on distillation or combustion empyrcnmatic and ammoniacal produetsVIerived from 
organic impurities which were not recognized as accidental and foreign to the salt # 
but were considered to be inherent constituents of borax. - 

From the # behaviour of borax towards alkalies and acids N. Lemery, in 1703, 
inferred that it contained a sel sale. G. E. Stahl (1702), and H. Boerhaave (1732) 
classed borax among the mineral acids. In 1702, G. Homberg heated borax with 
ferrous qulphate, and obtained a product, boric acid, which, on account of its 
medicinal properties, was designated sal sedativum, and it came to be callefl le sd 
sHatif de Homberg , although G. Homberg himself gave sal sedativum — sedative salt — 
many names *e.g. he called it sel volatil narcolique de vitriol , sel volatil de borax, 
t Jleurs de Vitriol fdtilosophique, sel blanc des alckimistes, and Jleurs de Diane, for he 
regarded it as a compound of ferrous sulphate. L. Lemery (1728) showed that 
sal sedatfvum could he obtained by treating borax'with acids in place of ferrous 
sulphate, and C. J., Geoffroy (1732) decomposed borax with sulphuric acid, and 
obtained (i) le sel sUatif in the form of White crystals, and (ii) Glauber’s salt. 
J. F. Henkel had previously obtained an analogous result in 1722. C. J. Geoffroy 
added : • * . 


Jo pouvaia done condom quo lo sel do la so ode a beaucoup d’analogio avoc le borax, 
puisqu ils out tous lea deux uno torro semblublo i\ la torro du sol marin (soutlo), mais qu’il 
manque mi sol de Hondo jfnir otro parfaitoment sernblable au borax, la torro vitrifiablo 
<pu oat dans eo dornior (boric acid). 

J, II. Pott discovered the more salient properties of sal sedativum, but he did 
not advance our knowledge of the constitution of borax very far ; he called it “ a 
neutral salt composed of vitriol and borax/’ He fbund that the salt imparts a 
green colour to the flame of burning alcohol. This coloration led many later chemists 
to assume wrongly that copper is an essential constituent of borax. In 1747-8, 
3 . Baron published two memoirs describing his Experiences pour servir d V analyse 
du borax, and he there clearly described the nature of borax. He said that sal 
sedativum i s always the same whatever he the acid employed to derive it from borax ; 
that borax can be reproduced by mixing sal sedativum with a sodium salt; and 
that two other kinds of borax can be made by substituting a salt of potassium or 
ammonium in place of sodium. He showed that sal sedativum is not volatile, but 
that it, does sublime when heated with water vapour. He regarded sal sedativum 
as a new substance, and showed that, at an elevated temp., it can drive the acid 
from potassium nitrate or from sodium chloride. \n 1775, U. F. Hoefer discovered 
ml sedatnmm Hombergn , m the waters of the Tuscan lagoons of Monte Rotondo 
dud Ustelnuovo and found that when treated with mineral alkali, it formed 
borax; this gave him the idea of manufacturing borax from the. waters. 

t L ‘ °! l‘ rosont knowledge, T. Baron# conclusions seem a satisfactory 
proof that boiax is a compound of sal sedativum and the alkali of common salt ’’ 

i l ,!!/] n i ,|ni f° rarl f S Tu Ht,1, > lzzled ’ for » in 1761, L. 0. Cadet raised some 
in-founded objections to T. Baron s views, and stated his belief that borax contains 

ZFJ; * -A tn n h r L Bourdelhl (1753) assumed that it 

le d n a r 0h ,rr d b G l V * M - * abrolli > that is a modification of muriatic 
acid B. G bage, that phosphoric acid is. present ; and L. F. F. von Crell (1799) 
that it contains carbon. T. Bergman was clear enough as to the acid nature of 
sal sedativum. He said : 

• The substince aommonly called sedative salt is more nearly allied to acids than to anv 
other class of bodies. It reddens litmus ; and saturates alkalies ond soTublVearths It 

seern^Wter 8 enSd 8 t^th Qb ’ and . hofi oth er properties which show its acid nature ; and it 
seems better entitled to the name borax acid than to that, of sedative salt. 

With the introduction of anti-phlogistic chemistry, the nature of borax became 
wa9 f«cogn,sed as an acid, and called bom or boracio acid. In 
H ' c,ect rol)-zcd moist boric acid and obtained a dark-coloured 
combustible mass at the negative pole, and the following year he obtained a similar 
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product by heating potassium with boric acid *111 a gold tube. Towards the end 
of 1808, he Examined the properties of the dark product, and concluded “from 
#11 analogy, there is. strong reason to consider the boracic basis as metallic in its 
nature, and I venture to' propose ior it the name of boracium" J. L. Gay Lupsac 
and L. J. Thenard decomposed boric acid with potassium on the 21st ^f June, 1808. 
They said : * ^ 

Ntms d&signerons par le suite ee radical sous le nora do bore, qui est tir6 do colui du 
borax, qt nous d^signerons l’acido boracique sous colui d’acitio boriquo pour nous (fonfonnor 
aux principes des nomenclateurs. Ainsi nous aurons lea trois expressions, bore, borique, 
borale, enticement analogues aux trois nutros, carbone, carbonique, carbonate . 

A few years later, 1812, H. Davy also stated that boracium is more analogous to 
carbon than to* any other substance, and hence proposed “ boron as a more un- 
exceptional name.” In 1824* J. J. Berzelius demonstrated the proportion of 
oxygen present in boric acid. F. Fittiea thought that he had transformed boron 
into silica, but C. Couneler showed that the alleged transformation was dife to a 
mai-observation. 
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§ 2. The Occurrence of Boron 

Boron does not occur abundantly on the earth, but small quantities are widely 
distributed. *F. W. Clarke and H. S. Washington estimate that the Jon-jnilo crust, 
the hydrosphere, and the atmosphere of the earth contain 0*001 per cent, of boron. 
This element occurs in the form of boric acid and borates, and is* an essential con- 
stituent of many silicate minerals— e.g. tourmaline and datolitc. H%A. Howland 1 
says that boron is not revealed in the Spectrum of the sun. J. Smithson, and 
H. Jay have discussed the occurrence of boric acid in nature ; and C. F. Rammels- 
berg, the general distribution^ of the borates. The native borates, borosilicates, 
borosulphate, chloroborates, and borophosphates are : 

• 

Sasiolite, or sassolin, boric acid*, HjB0 3 ; lardercllite, (NH 4 )|B g 0u.4tf|0 ; borax* oi 
tinoal , Na,B 4 O 7 .10HjO ; borocalcite, c y bechilite, CaB t 0 7 .4H,0 ; pandermite, or priceitb 
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C6.B.0...3H.0 ; colemunite, CajB.O.jfcHjO ; bormatrocdcite, or « We, NaCaB t O,. 6H,0 ; 
cryptomorphite, H l Na 4 Cn i {B 4 O l ) l .2ffl t O ; franklandite, CaN» l B,0 11 .7HJ0 ; \ wchmte, 
3Mg l B l 0,.2H,0 ; pinnotte, MgB t O«.3H s O ; boro magnesite, or szaibdyite, 4BO,(Mg.OH)- 
Mg(OH), ; pinnoite, MgB,0 4 .3H t 0 ; kalibonte, or hemtzite, K,Mg*B„0, g . 14H,0 or* 
KII 1 Mg.B M <) a0 .«H.O ; hydroboracite, CaMgB,O n .0H 8 O ; fcoraote, Mg,^,0,oCl s ; ml 
phoborite, 4MgHB0,.2MgS0 4 .7B I 0 ; Uneburgite, MgB a 0 4 2MgHP0 4 .7H 2 0 ; hambergxte, 
(Be.GH)BcBO» • jemnrjewite, A 10. (30, ; rhodizile , K(A10),(B0 3 ), ; pinakiohte, 
(Mg. Mn).0(B*0,)Mn0 t ; *u»*exti% (Mn, Mg, 7m) BO,OH ; lagonite, Fe(B0,) 3 .liH,0 ; 
ludwigite , MK,0('B0,)(lM) t ) ; Ca(B.0H)Si0 4 ; /zowMe, CftH 3 (B0,) { .CaH l 8i0 4 ; 

bakerite, • 8Ca0.5B,0 $ .6*Si0, ; homilite, Fo{Ca(BO)Si0 4 f , ; tourmaline, or , schorl, 
(8i0 4 ),(A10.B0)!(AI0),(Mg, Kh, Nu 2 , Li„H 2 )} 3 . 


K. Filhol found graces of borates in felspar from the Pyrenees, and in pegmatite 
from Ave^ron ; E. Rechi, in Italian limestones, travertine, basalt, sandstone, etc. ; 
E. T. Wherry and W. II. Chapin, in vesuvianite ; L. Dieulafait, and C. Nollner, 
m Chilian nitrate deposits'; J. R. J. D. Boussingault, m the^crater of some volcanoes ; 
K. Filhol, and F. P., Venable and J. S. Callison in commercial caustic alkalies ; and 
T. Kgleston, in the iron ores of Lake Supefior. A. Lacroix and A. de Gramont 
spectroscopically examined the aluminosilicate minerals for traces of boron. 

According to L. Dieiriafaif, G. Forchhammer, and C. Nollner, borates are con- 
tained in sea-water, and in the ashes of marine plants. J. A. Veatch found boric 
acid in the water collected over a submarine ridge along the coast of California, 
and he suggested that it had a volcanic origin from submerged sources. The 
existence of borates in sea-water is exemplified by the borates of the Stassfurt 
deposits described by II. E. Roeke, and W. Biltz and E. Marcus. The Stassfurt 
borates borucite, pinnoite, ascharitc, heintzite, hydroboracite, sulphoborite, 
limeburgite, etc.- are essentially magnesian, in contrast with the Chilian and 
Californian deposits where calcium borates fire dominant. In 1775, U. F. Hoefer 
reported ml^edativum (boric, acid) in the waters of Monte Rotondo. Free boric 
acid also occurs in the crater of an extinct volcano in the Lipari Islands, and in 
the crater of Stroinboli. Volcanic ejecta containing boric acid have been reported 
in Nova Beotia, and in Nevada, California. The sojjioni or fumaroles of Pomerance, 
Massa Marittima, Castelnuovo di Val di Cecina, and Montieri, all in Tuscany, 
are an important source of boric acid ; jets of steam carrying boric acid emerge 
from the ground, gild sassolite, lardercllite, boehilite, and lagonite are deposited by 
th* lagoons in which the vapours are condensed. The salts have been analyzed 
by (J. Beh i*i id t, and (J. M. Kurtz. The average foreign matter in the Tuscan lagoon 
watery in grams per litre, is : Total solids, 0’9U ; boric acid, 7*14 ; ammonium 
sulphate, 0 87. There is some relation between the ammonium salts and the boric 
acid. A. Lacroix likewise found ammonium chloride and boric acid in Vesuvian 
fumaroles; A. Bergeat, in the volcanic produces of Vulcano (Lipari Islands); 
G F. Becker, and II. G. Hanks, in Borax Lake (Cake County, Cal.) ; in the water 
of the Devils Inkpot (Yellowstone Park) ; and by E. Cortese, in the hot springs 
of Chaguurama \ alley (Venezuela). This led to the hypothesis — R. Warington, 
H. St. C. Devi lie and F. Wohler, 0. Popp, E. Rechi, etc. — that the boric acid is 
derived from the action of steam on boron nitride. The latter, however, has not 
*yet been observed as a mineral species ; and similar remarks apply to J. B. A. Dumas’ 
hypothesis, adopted by A. Pavcn, that the boric acid is the result of Jhe action of 
steam on borcyi sulphide, a react ion devised to account for the presence of hydrogen 
sulphide in* the gases. P. A. Holley suggested that the boric acid is a product 
'of the action of ammonium chloride on borax ; E. Bechi, the action of steam and 
carbon dioxide, at 300°, on boriferous serpentine ; and E. Perrone, and R. Nasini, 
by the action of steam on tourmaline. *The subject has also been discussed by 

G. d Achiardi, H. St. C. Deville and F. Leblanc, F. Fouque and H. Gorceix, and 

H. Coquand. The borates of Esmeralda County, Nevada, and of Inyo and San 
Bernardino Counties, in Death Valley, in the basin of the Amargosa River, etc.— 
e.^.'Searles Borax Lake — are represented by the predominant calcium salts, ulexite 
and colemanft4, as well as by some borax. 2 
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W. D. Dennis has described the borax ‘deposits of Lake Alvord in Harney County, 
Oregon. Arid regions containing sodium nitrate occur near the borato deposits of 
t South California and ulexite occurs near the nitre deposits of Tarapaca and Atacama 
(South America). 3 The calcium salt is the predominant borate in the deposits 
near Iquique, the Cordilleras of Coquimbo,’ and the Taltal district ; ‘and 
R. T. Chamberlin has noted that the borax lake of Ascotan derives its borates 
from the leachings from adjacent volcanoes. J. i. Kyle, described the deposits in 
Salta and Catamarca ; H. Buttgenbach, the Salinas Grandes, Province pf Jujuy, 
Argentine ; F. Reichert, the Argentine borates ; and*A. Joekamowitz, the Salinas 
Lagoon, Arequipa, Peru. W. S. Vernadsky and S. P. Popoff described the borax 
deposits near the Sea of Azov, Kerch peninsula. H. von Schlagintweit described 
the great borax deposits^of Puga Valley, Ladak, Tibet. He said thaPthc borax 
is a deposit from hot springs at a temp, between 54° and 58°, and situated over 
15,000 feet above sea-level. The saline mass is said to contain free boric #cid anti 
sulphur, and a little saft, ammonium chloride, magnesiufn sulphate, am} alum, 
but no ulexite. The Nova Scotia deposits, described by H. How, are supposed to 
be marine, but the total absence of magnesium is not in accord therewith, for, 
as F. W. Clarke has shown, marine deposits usually contain magnesium borates ; 
lake-bed deposits contain calcium borates with nitrates near by, while borates 
from volcani'c waters and fumaroles yield some ammonium compounds. 

Small quantities of borates have been reported to occur in many mineral waters 
and springs— c.g. in Aachen, by R. Wildenstciu 4 ; at Wiesbaden, Schlangenbad, 
Krankenheil, and Weilbaeh (Nassau), by C. R. Presenilis, and G. C. Wittstein ; at 
Schinznach and Bex (Switzerland), by S. Baup, and L. Dieulafait ; at Vichy, etc., 
by H. Fonzes-Diacon and M? Fabre, where the amount increased with the temp, 
of the spring ; at Salzmatt, by A. Beehamp, and L. R. Lecanu ; at Sulbaeh, by 
C. Oppermann ; at Rhodisfort, by H. Gotti ; at Kissingen, by J. vyn Liebig ; at 
Orb, by F. Rummel ; at Soden (S^essart), by F. Moldenhauer ; at Olettt*, by 
J. Bouis ; at Bagnbres-de-Luchoh, Barbges, Cauterets, Bonnes, and Labanere in 
the Pyrenees, by E. Filhol ; at Cursct, Hauterive, St. Yorre, Vaisse, and Vichy by 
J. Bouquet ; at Plombieres, by 0. Henry and M. Lheritier ; in most mineral waters 
of Central France, by F. Parmentier ; at Montecatini (Tuscany), by L. Dieylafait ; 
in North Africa, by L. Dieulafait ; at White Island (New Zealamj), by C. <lu Ponteil ; 
in the mud volcanos of the Colorado District, San Diego County, as well as in*the 
waters of several mineral springs in Tehama County, California, by J. # A. Vcateh ; 
and in Rohat, by A. Carnot. • , 

E. Hotter, 6 H. Agulhon, and H. Jay have discussed the occurrence of boric 
acid in the vegetable kingdom, and in various kinds of fruit ; and A. H. Smith, in 
food stuffs. G. Baumert, P. S^ltsien, J. Dugast, M. Bertainchaud and E. Gauvry 
M. Ripper, S. Weinwurm, A. Gassend, F. Schaffer, and E. Azzarello found boric 
acid normally present in wines ; J . Brand, in hops, and hence also in beer ; 
G. C. Wittstein and F, Apoigcr, in the seeds of the maasa pida ; E. 0. von Lippmann, 
beet root; C. A. Crampton, water melon; E. Bechi, the beeches of luscany; 
A. Gassend, pepper ; P. Kulisch, apples ; E. Deltour, in almonds, molasses, chicory, 
acorns, mountain-ash berries, white wines, Bordeaux wines, and fruit Syrups ; 
apples, pears, currants, raspberries, and*cherries. According to A. H. Smith, dates 
showed the largest proportion of boric acid, and prunes came next. # Th^ percentage 
amounts were : dates, 0 0299 ; dried peaches, 0'0<365 ; dried apricots, 0‘20216 ; 
prunes, 000792 ; figs, 0‘0039 ; and raisins, 0'0049. Boric acid has aTso been foun$ 
in parsnips, carrots, ranunculacese, radishes, angelica, and peonies ; 0. von Lipp- 

mann, and A. Hebebrand also reported*boric acid in various fruit juices — lemons, 
oranges, etc. A. Gassend said boric acid is never found in tea, or saffron ; but 
E. Deltour found it in fern leaves, tomatoes, ergot, potatoes, tobacco, straw, pepper, 
beer, vinegar, milk, vines, com, coffee, and grass. E. Eckenroth, E. G. Clayton, 
E. Deltour, and A. Gassend said that boric acid is not a normal constituent of 
milk. E. Deltour found no bor^> acid in the bones of fowls, 6i* in egg-shqjls. 
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• 

K. Fischer found boric acid in. lnany * varieties of parchment. A. H. Smith 
found 0'(JOO49 per cent, of boric ucid in sausages ; the salt in whfch the meat 
was cured contained 0‘00045-0-00077 per cent, of boric acid. He added that these* 
results show that in some of our common fruits, probably in meat, and. certainly 
in common salt, there are minute though measurable quantities of boric acid occurring 
naturally, ifcwever. it docs not seem probable that these amounts of boric acid 
could injure the persons eating tfie foods. G. Bertrand and H. Agulhon examined 
about thirty species of animals, and concluded that boron exists normally in very 
small proportions, 1 part in ltX),000,000 parts of living matter. It is most abundant 
in animals of marine origin. It was detected in the hair, horns, bones, liver, and 
muscles 
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§ 3. Boron 

hi 1808, J. L. Gay Lussao and L. J. Thenard 1 prepared impure boron by fusing 
boric acid, mixing the powdered vitreous product with potassium, and heating 
the mixture to redness in a tube of iron, eopper, platinum, or glass. The product 
was boiled with dil. hydrochloric, acid ; washed with water ; and dried at a gentle 
heat. According to J. J. Berzelius, if the glassy boric acid is not thoroughly freed 
from water, the reaction will he attended by detonation or spurting. The product 
is amorphous or colloidal, and as the potassium salt is removed by washing, the 
boron remains suspended in the Vate* in so fine a state of subdivision that it runs 
through the fdter paper, and, continued Berzelius, “ it even dissolves in the water 
to which it imparts a slight yellow colour.” The presence of salts or acids prevents 
the comminution of the boron in the water, and he therefore recommended washing 
the product with a soln. of ammonium chloride, and removing the latter with 
alcohol. B. Reinitzer, and R. Lorenz also showed that some^olid boron hydride 
is formed in the process ; and II. Moissan added that if the operation is conducted 
in metal tubes — copper, icon, gold, or platinum — the metal is attacked and the 
product is correspondingly contaminated. 11. Davy, and R, I). Thomson employed 
a similar process. In place of potassium as a reducing agent F. Wohler and 
H. St. C. Deville used sodium in the presence of sodium chloride. H. Moissan 
analyzed the products obtaineck(i) by J. L. Gay Lussac and L. J. Thenard’s process 
as well as (ii) by F. Wohler anil H. St. C. Devillc’s process and heated in vacuo ; 
(iii) the same after washing in boiling hydrochloric acid ; and (iv) after a prolonged 
treatment with water : 

B HgBOj K Cu Fo Ntt BH H H t O 

(i) . . 44-10 17-80 14-4 12 5 5-80 — 4-9- 9950 

(ii) . , 69 50 15-65 - 4-61 6 63 5 84 0 44 -.-lOf'67 

(iii) . . 71-97 13-50 . 5-04 3 89 5-28 — 99 68 

(iv) .* . 32-38 42-52 - -- 7 51 10*34 2-26 410 - - 9911 

This shows that the products by these processes arc very impure. Jtccorjing to # 
N. 4- Orloff, a sample of commercial boron contained glassy granules'of boric oxid^, 
a little ircta, and 9'07 per cent, of water corresponding with 20 83 per cent, of boric 
acid. * 

J. J. Berzelius reduced potassium borofluoridc with potassium. F. Wohler and 
H. St. C. Deville, and A. Geuther used magnesium ; according to H. Moissan, the 
product contains : 

B HjBOj • K Fe RN 

51-15 23"07 t 6-00 3 00 8-75=fc»2'03 
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J. W. Dobereiner claimed to hgv^ reduced calcined borax with carbon, but 
neither J[i. Gmelin, nor A. Pleischl were able to confirm this result ; L.*Gattermann, 
C. Winkler, F. Jones, T. L. Phipson, and H. C. C. Maisch reduced calcined borax, 
or boric acid with magnesium ; F. Wohler and H. St. C. Deville, L. Franck, 

K. A. Kiihne, 0. Honigschmid, F.E. Weston and H. R. Ellis, and H. Goldschmidt 
used aluminum us reducing agent ; H. Moissan reduced boric oxide, or boron 
bromide or nitride with calcium, but A. Stock and W. Holle found the product 
is calcium boride not boron. A. 0. Vournasos reduced the oxide with sodium 
formate * and G. Dragondorff reduced calcined borax with red phosphorus, 
if. N. Warren reduced a mixture of boric oxide and magnesium sodium chloride 
with sodium. . 

# According to If. ’Moissan, when boric anhydride is heated with the theoretical 
quantity or an excess of magnesium, reduction takes* place with formation of 
rftagnesium borides. The author finds that if the bofic anhydride is in considerable 
excess different results* are obtained. There are two magnesium borides, one 
unstable and decomposed by water with hbemtion of hydrogen and boron hydride, 
the other stable and not affected by water, hydrochloric acid, or nitric acid. To 
prepare amorphous boron, H. Moissan recommended the following process : 


Seventy grow. of finely powdered magnesium, free from iron and silicon, were intimately 
S ,r h 2 wf f . UHed bo,i< ‘ anhydride. The mixture was heated to 

Theban 7. V !‘ y I ' 1 !’ and I ,, '. I ft minutes an energetic reaction took place. 

° ,C P, '° "I T bo,lod Wlth Wtttor and hydrochloric acid until the 
71 lilrir° Wl ’ M a ,on « tirne with -uccearive quantities 

was i W Slifh tr acitl, washed with water, and with alcoholio potash, again 
S ' r for several hours with hydrofluoric arid, washed with water, and 

xoi d O , * * J " pn di’! (lr U Very hgh i ! naroon P fiwd <”‘ wba ‘h does not alter when 
mi l ] 2 in I a/ T m 95 por mit - of b * ro,l > 2*3 to 3 '75 per cent, of magnesium, 

o t rfc nl.vEr I IU i lt . t0r - J / . tllia P rodllct 18 fused with 50 times its weight 

ot boric nmi)d*ido, and the product, treated m the same way as the original nroduct a 

RJ 1 ^ ° o* : n tUin, T M ly 1 t ?“ V ° f 0ae Product contained 

f"; n tri. » mT ’ ; , uwob « bl °* f-18 =99-85. If the boron is required perfectly 

J l 2 2 Z Um .m™ ** 0l!< ; ct0d in a crucible brusqued with a mixture of finely 
\Zm Ho c Inbv ‘ ?«’ UUl ( ' Urb ,° n \ th ° prodlK,t coataia * 92-6 to 9SP2 per cent, of 
atmosphere of livdmvrciV andf H S ° roduoad hy magnesium in porcelain dishes in an 
losptiuo 01 hydro^ui, and u very , >ur() product 13 obtainod, but the yield is small. 

y Slock and W.'llollc say that the product obtained by reducing boric acid with 

G CbMtanf and” v" ‘r^ "“ i '7 "'"V' boron ’ and -« I™ CTnt of >™gncsiu,n. 

1Uad( ' l)orou b X tbo electrolysis of fused boric oxide 
made tdnd active by the addition of sodium chloride, alkali borate etc E Podszus 

reduction of^ boron trichloride by electrically heated iron 

porous mass can be weld T\ ttt 800 “ nd th ° wa8 ra ‘ 8cd to U00 °- The 
tion of boron ixicMeri l " .7 “ ‘? ,u P att maas > a »d drawn into wire. The reduc- 

weld into a compact mL ' B “ VC ° nly 8 1,lack • )owder which does not 

mixtu^oUorh Snhi’dride'w^T 1,“ MlUti0n °* b °T by heat ‘ Dg 8 

washim*the nnid i i . I Kr con ^* magnesium powder to redness; 

product witli co!u- hvJr e ol J' 1 * 88 Wlt , h *? dil - hydrochloric acid; boiling the 

removed by wa2 V boron aad fluoride. The latter ia 



JBORON 9 

hydrated boron chloride with hydrogen at a M heat ; A. Besson and L. Fournier 
exposed a mixture of boron chloride and hydrogen to the silent electrical discharge ; 
.and H. Gustavsou, distilled boron chloride over sodium at 150°. E. Weintraub 
reduced p mixture of the vapour of boron trichloride with hydrogen in a high- 
tension electric arc, between copper poles beneath the liquid or in' the gas. * The 
reaction was studied by J. N. Pring and W. Fielding, and by A. Besson and 
L. Fournier. F . Meyer and R. Zappner prepared it from boron bromide, which was 
boM in a small bulb directly attached to a large bulb holding the elec trodes, and 
this bulb was attached to a reflux condenser which returned the unattacked bromide 
to the vaporization flask. The tension of the current was 100, (XX) volts, and 
equilibrium was established in about live hours. A, 11. Warth reduced boron 
trichloride with hydrogepi in the presence of a glowing tungsten fflament at , 
1300°-1850°, and obtained a deposit of boron of a high degree of purity. 

B. Springfeldt obtained boron by heating the nitride, llN, to 1500° gr 2000*; 
and A. C. Yournasos reduced the nitride by heating it with sodium format^, when 
amorphous boron, ammonia, and bor<5n hydride are formed. A. Besson stated that 
in preparing boron iodide by the action of hydrogen iodide on H. St. (\ Deville 
and F. Wohler s amorphous boron, only a small portion is attacked, and he postulates 
that this represents a more active variely of boron than the remainder ; but H. Moissan 
stated that this active boron is probably a mixture of iron and sodium borides. 

H. Davy prepared impure boron by the electrolysis of moist boric acid. 
W. Hampe electrolyzed fused borax, and found that the sodium produced at the 
cathode immediately reduces the boric acid, forming boron. A carbon crucible was 
used with a platinum rod as anode, and a pencil of retort carbon as cathode. The 
product more or less crystalline is contaminated with carbon. 11. Moissan, however, 
found that when a current of 35 autps. is passed through boric anhydride mixed 
with 20 per cent, of borax, and heated to 1200°, boron is liberated, but ;t immediately 
recombines with oxygen, with wivid, incandescence. G. Gore, A. Stabler and 
J. J. Elbert, and A. Z. Hartmhnn have made some 
observations on this subject. E. Weintraub, and 
P. C. Ray showed that the amorphous boron prepared 
by H. Moissan’s process contains several per cent, of 
oxygen ; so also does the product obtained by the 
electrolysis of fused borax. As much as lfl per cent, 
oxygen has been reported* E. Weintraub also showed 
that in the magnesium reduction process, boron is 
easily obtained free from magnesium if a hiirhcr temp, 
be employed for the reduction than was the case in 
H. Moissan’s experiments. P.*C. Ray purified boron 
by heating to redness the anforphous powder with 
an excess of sodium or magnesium in a stream of 
hydrogen. In the former case magnesium boride is 
formed and decomposed. The product is extracted 
successively with water, hydrochloric acid, and warm 
40 per cent, nitric acid. According to E. Weintraub, 
magnesium # bo ride, nitride, and the product contami- 
nated with oxide all decomposed when heated in vacuo, 
the change is appreciable at 1200°, and is rapid* at 
1500°^ This dissociation enables the amorphous and 
less pure varieties of boron to be readily purified. 

E. Weintraub placed the powder in & water-cooled 
copper cup, which formed ond electrode of an arc, the 
other electrode was of copper. The heating is con- 
ducted in vacuo or in hydrogen ; and E. Tiede and E. Birnbrauer heated the 
impure boron by focussing the*cathode rays on the powder. E. Weintraub* also 
purified boron by compressing tl^ powder into a rod D, Fig. l; mounted 4m a 
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Fig. 1. — E. Weintraub’* 
Mercury Arc Furnace. 
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carbon bolder, C, to which a lead Rls attached. This arrangement is placed inside 
& glass vessel A. The apparatus is filled with hydrogen via M, or evacuated via N. 
Mercury is introduced via E until the end of D is just covered ; hydrogen is admitted . 
to 2*6—15 cms. press., and the electrodes II and K connected to the source of current. 
Mercury is ruijjnto G until the end of D is just clear of mercury in the lower part of F. 
An arc is formed between the boron and the mercury in F. The end of D melts 
and falls off, and as the rod D Shortens more mercury is run from E to maintain 
the arc. *The bottomless aliyidum cup L serves to prevent the arc straying to the 
glass. 

F. Wohler and H. St. C. Deville reported the existence of black and yellowish 
forms of crystalline boron which they designated respectively bore, fjraphiioidc, and 
* bore adamant in. They prepared the crystals in long prismatic needles by melting 
together boric anhydride $nd aluminium in a graphite crucible ; and by packing 
a fireclay* crucible with amorphous boron, and inserting an^luminium rod in a hole 
bored in the powder* The crucible is then covered with its lid, and packed inside 
a larger crucible with powdered carbon. The whole is heated white hot. The boron 
dissolves in the molten aluminium, and crystalline boron separates out as the metal 
cools, F. Wohler and H. St. (J. Deville recognized that the crystals always contain 
carbon and aluminium, but they regarded the presence of these elements as accidental 
impurities. W. liampe, tyul A. Joly have shown that these elements are essential 
constituents of crystalline boron. W. Hampe said the composition is B 48 C 2 Al3. 
H. Biltz obtained ('0AI3B44 for the yellowish crystals. He separated them from 
the black crystals by flotation in a mixture of methylene iodide and benzene. A. Joly 
stated that among the products of the reduction of boric anhydride by aluminium 
in the presence of carbon, there are (i) golden-yellow Hexagonal plates of aluminium 
boride, AlBo, described by F. Wohler and H. Kt. 0. Deville and at one time thought 
to be graphitoidal boron ; (ii) black plates of aluminium boride, A1B 2 , described 
by W. Hampe; (iii) yellow quadratic crystals t)f adamantine lustre containing 
carbon and aluminium ; and (iv) hard black crystals of a boron carbide, or more 
probably of several carbides, formed by the alteration of the preceding compounds 
at a lugh temp., in the presence of carbon and an excess of boric anhydride, 
lhe Bwtish Thomson- Houston Go. used the aluminium reduction process for 
preparing boron fob the treatment of copper. K. A. Kuhno prepared crystalline 
bordn by heating bone acid with aluminium turnings and sulphur, and treating the 
, maRS WPth wut( ' r - Tlu ' aluminium sulphide is decomposed, while the crystalline 
boron remains intact. II. Biltz found the crystals to be aluminium boride, A1B«, 

. The physical properties of boron.— Most of our knowledge of the physical 
properties of boron has been obtained from very impure samples. J. L. Gay Lussac 
and li. J. Thenard s 2 product was a dark greenish brown or olive-green powder, 
without smell or taste. H. Moissan's amorphous bofon is pale brown, greyish-brown, 
or a bright maroon-coloured powdyr which stains the fingers, and can be readily 
compressed into a cake. The powder is without any recognizable crystalline form. 
L'oT s fused boron resembled black diamonds ; it takes a good polish ; 
and It hM a conclioidul fracture with no recognizable microcrystalline form. F. Meyer 

I T Ti;wf"' r '\ °r 7 s a /r dee P llla(>k P° wd «- lc Gay Lussac and 
and fwhi 1 1,rodu ‘ t ,? nk ™j’‘% Wlen P^od in cone, sulphuric acid. JI. Moissan 
MdA.W«.»d«»w 2-45 A K Marti,. 23, and K. Weintraub. 234 for the specific 
Wfi f-j>«»than d J MayrRofcr gave 0 373 for the sp. vol. J. L. Gay Lussac 
rafh« u» T thT. tl r d f' i ! oron d ? es , not ' smtrh f- ,lass ; actually, to hardness is 
whil 7 e ° f , h ° d : ara T J ’ but . lt rub8 ofI on the carborundum 

wheel J. R. Rydberg placed its hardness as 9 5 on his scale. A. H. Warth said 

^ ! «nd is brittle. The compressibility, accord- 
mg to T. W. Richards, is 0 3 X 10~« per atm. at 20°. 

., f £'. M n P a8 P re p Z “id that amorphous boron readily melts between the poles of a 

Jsffi ° f , y,, ^ J° fun and tha ? the “Mdfrw point is lower than that of 
silKon, and thSt its volatility is greater than that<;lement, but J. L. Gay Lussac and 
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L. J. Th^nard could neither iifclt nor volatilize -amorphous boron at the strongest 
white heat Available. E. Tiede and E. Birnbriiuer melted boron in vacuo in a 
cathode ray furnace at 2200°; W. Guertler and M. Pirani gave 2400° for the m.p. 
of boron.. W. R. Mott gave 2500° for an approximation to the m.p., and 2300° for the 
boiling point. F. Wohler and H. St. C. Deville said that boron is sightly volatile 
at the m.p. of nickel, and that its colour changes by heating it to a very high temp. 
H. Moissan said that amorphous boron shrinks Slightly, and increases in density 
when heated to 1500° in an atm. of hydrogen ; and tlyit when placed in the electric 
arc, amorphous boron becomes red, and is surrounded by une grande aureole verte , 
but it shows no signs of fusion, and at the conclusion of the experiment, the ends 
of the carbon electrode have much boron carbide. E. Weinttaul^ however, 
showed that boron can be readily fused at atm. press, or in vacuo. E. Tiede and 
E. Birnbrauer gave 2200° for the m.p., and E. Weintra\ib,.2800°. Boron begins to 
vaporize below its m.p.;; and the vap. press, is appreciable at 1200°. -H. Kopp 
gave 0 254 for the specific heat of boron ; these -numbers show that boron does 
not obey Dulong and Petit's rule as was observed by H. V. Regnault. H. Moissan 
and H. Gautier found the sp. ht. over 0°, and F. Koref below 0°, with the following 
results : • 

- 191° to -78° — lo O 1 0° to 100® 100 s to 192*3° 192 s to 234* 

Sp. ht. .. . 0-0707 0-1077 0 3000 0-3770 0-3143 

At. ht. . . 0-778 1-838 3 372 • 4 153 4*700 

The sp. ht. rises with temp., and by extrapolation, H. Moissan and H. Gautier infer 
that the at. ht. will be about G‘4 at4U0\ A. Wigand, (1. Schmidt, E. van Aube], 
and F. Michaud have also discussed the question vide Fig. 7, 1. 13, 12. 
According to L. Troost and*?. Hautefeuille, the heat of combination of boron 
with oxygen is 14 42 Cals, per grafn, or 158*6 Cals, per cq. ; M. Berthelot gave 
(B, |0 3 )=£B 2 0 3 4-15G*3 Cals. Some idea of its affinity for some yther elements 
may be gathered from the heats of formation with IB, with 

F * jo ci nr is 

Cals. . . 78-3 45-4 31 1 14 4 138 

J. H. Gladstone gave 4*0 for the refraction equivalent of boron, and 0 364 
for the specific refraction. A. Sehrauf has made observations on this Subject. 
A. Ghira said that the at. refraction of combined boron is -nearly independent 
of the elements with which it was united. As previously indicated, about* the 
middle of the eighteenth century, J. II. Pott said that Ic sel fiedaiif com- 
municates a green colour to the flame of alcohol, and that the colour is the 
same though a little feebler than that produced by cupric sulphate. The spec- 
trum of the alcohol, Bunsen's or hydrogen flame coloured by boron compounds, 



» Fig. 2. — Spectrum of Boric Acid. 

was observed by J. F. W. Herschel, W. A. Miller, R. T. Simmlej* R. Rottger, 
A. Mitscherlich, 0. Horner, L. de Boisbaudran, W. Weith, J. M. Eller and E. Valenta, 
A. Hagenbach and H. Konen, A. de Gramont, M. W. lies, L. Dieulafait, G. Salet, 
O. Vogel, etc. The flame spectrum of boric acid shows many bands, the most 
prominent of which are in the yellow and green ; they are essentially different from 
the similar coloured bands produced by barium compounds. The spectrum is 
shown in Fig. 2 ; there are three feeble orange-yellow bands, <>598, 6211; and 6032 ; 
a yellow band, 5808 ; an intense yellow band with sharp lines — 5481 and 54V), a, 
Fig. 2 — a feeble green band with^lines 5193, fl, Fig. 2, and 4912,*^, Fig. 2 ;* and 




12 INORGANIC AND THEORETICAL CHEMISTRY 

finally, a feeble blue band, 4722 and*4530. The flame 
duce, it requires a large excess of boric acid, and the alii 
open than usual. The three bands, a, )3, and y, with 
weaker line 5440, are useful in the spectroscopic reci ^ 
spectrum of boron fluoride is similar. The same bands are observed in the arc 
spectra of boron, boric oxide, and the spark spectrum of soln. of boric acid in 
hydrochloric acid ; they are attributed to boron oxide ; they do not occur in the 
spark spgctrum of boron itself. According to W. Jevons, boron trichloride or 
methyl borate in the after-glow of nitrogen shows another series of bands which have 
definite heads and digrade towards the red ; these bands also occur in the arc 
spectrum of boron apd its oxide, and are attributed to boron nitride even though 
, they do nit occur in the spark spectrum of boron in nitrogen. The spectrum of 
boron fluoride in Geissler’s tube, was investigated by # J. Pliicker, G. Ciamician, etc. 
'fhv barjd spectrum was studied by R. Thalen, L. Troo&t and P. Hautefeuiile, 
0. P. fyuyth, L. de.Boisbaudran, G. Salet, F. Jones, A. Hagenbach, G. Kiihne, 
H. Gilbert, H. Gilm, V. Merz and W. Weith, M*. Bidaud, M. A. Catalan, H. Auerbach, 
etc. H. Hose showed that the presence of tartaric or phosphoric acid hinders the 
development of the green flame. The *spark spectrum was investigated by 
W. N. Hartley, J. M. Eder and E. Valenta, F. Exner and E. Haschek, A. Hagenbach 
and H. Konen, etc. W. N. Hartley observed the three lines 3450 3, 2497 0, and 
. 2496*3 when borux is volatilized in the electric are. The spark spectrum obtained 
with electrodes of adamantine boron furnished J. M. Eder and E. Valenta 14 lines 
in the ultra-violet, namely, 3957 9, 3941*7, 3829*3, 3824*5, 3246*9, 2689*0, 2686*2, 
2388*5, 2267*0, 2266*4, 2088*8, 2088*4, 2066*2, 2046*6, when the lines due to foreign 
metals are eliminated. The arc spectrum was studied by H. Kayser and C. Rungc, 
H. A. Howland and co-workers, E. Exner and E. Haschek, A. Hagenbach and 
H. Konen, etc* The effect of press, was studied by W. J . Humphreys. K. A. Millikan 
measured the extreme ultra-violet spectrum of ‘boron . The wave-length of the 
K-radiation of boron has been measured by 0. \V. Richardson and C. B. Bazzoni, 
A. L. Hughes, and J. Holtsmark. The latter found A 83*6. E. K. Richtmyer 
found a discontinuity in the X-ray spectrum of boron in the region of very short 
wave-hyigths, and considered it as evidence of the presence of characteristic 
./-radiations. J. holtsmark measured the characteristic X-rays of boron. 
J. U McLennan and M. L. Clark gave 23*45 for the critical voltage of the L - series of 
X-rays froiik boron for A— 525-8 x 10“ 8 cms., and 42*2 volts for A=292*2 XlO -8 cms. 
E. Rutjierford and J. Chadwick obtained evident*! of the emission of long-range 
particles, detected by scintillations on a zinc sulphide screen — probably hydrogen 
— when a-rays pass through boron. 

J . L. Gay Lussac and L. J . Thenard said that tlufelectrical conductivity of boron 
is nil. H. Moisxan found that electrical conductivity of the pressed powder is very 
low, being but 0*125 XlO“ 6 ree. phms per cm. cube when that of mercury is 
1*063 Xl0 4 at 0° ; and its electrical resistance, 807 megohms. A. H. Warth gave 
9 XiO® ohms per cm. calc, for the sp. resistance at 26°, and this falls considerably 
i with rise of temp. E. Weintrauh found fused boron, when cold, is a very poor 
conductor, for its sp. resistance is 10 12 times that of copper at ordinary temp. In 
this respect, boron resembles carbon ; but* unlike carbon, boron has an*abnormally 
high negative tpmp. coeff. of \ts resistance. Metals usually have a positive temp. 
« coeff. w and the metalloids a negative temp, coeff. The sp. conductivity of boron 
0° is nearfy 0*f>xl0~ 6 or 0*6x10“® mho per cm. cube, and it doubles in value 
for every 17°. . The curve is shown in Fig. 3. The observed data are : * 

0 * 27 ® 100 ’ 170 ’ 320 ° 620 ® 600 ® 

Ohm» . 0x10* 775x10* 66x 10* 7-7x 10* 180 7 4 

Above 100D » the resistance is but a fractional part of an ohm. The effect of traces 
of impurities in the boron is to raise the conductivity many-fold. Thus, one per cent, 
of i&fbon makes the remarkable character of th^ conductivity of boron disappear ; 


spectrum is not easy to pro- 
, of the spectrum rather more 
the green line 5481, and the 

.J a/^irl Thfl 
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and its conductivity becomes comparable with that of carbon or silicon. With 
metals, the Resistance, not the conductivity, increases if impurities are present. 
The negative temp, coeff. of impure boron becomes numerically less and less as the 
temp, inpreases ; so that ail the curves seem to converge at about 1000°. The 
behaviour of fused boron is more like that of a spark gap or arc than^that of a solid 
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conductor, for there exists a break-down voltage in the case of boron as in the case 
of an air-gap. Below the break-down voltage, only a very small current flows 
through a boron conductor,* but once the current is started, boron becomes a 
relatively good conductor. Fig. 4,*for example, shows the volt-ampere curve of 
boron in air. At 400 volts, the breakdown occurs when only 0'004 amp. is passing ; 
after that the current rises, and* the yoltage drops rapidly. H. N. Warren used 
boron as the positive pole in a galvanic element. F. Zantcdeschi said that boron 
is diamagnetic. K. Honda gave for the magnetic susceptibility at 18°, - -0 71 X 10° 
mass units, and at 1100°, —0*80x10" units. 

The fact that crystallized boron has not been prepared, and that the so-called 
graphitoidal and adamantine forms crystalline boron are npt really boron, but 
rather compounds —aluminium borides, and aluminium borocarbides— or solichsoln. 
does not render nugatory .the published data respecting the properties of crystalline 
boron, but it renders it necessary to transpose the descriptions from the, sections 
dealing w r ith boron to those dealing with the corresponding compounds. 

F. Wohler and H. St. C. Decile proved that graphitoidal boron is aluminium boride, 
A1B, ( q.v.) y and they also arguot^that the small proportion of carbon always associated 
with adamantine boron must be present as diamond-carbon because the crystals are trans- 
parent, and thus the larger the proportion of cai^on the greater the transparency. As 
previously indicated, W. Hampe represented the composition by Al 3 B 4g C t , and H. Biltz by 
Al s B 44 Cj, and. added the latter.it is not possible to say whether these crystals are a definite 
chemical compound — an aluminium borocarbide— or a saturated solid soln. The crystals 
are colourless or they vary in colour from a honey-yellow to a brownish-yellow, a hyacinth - 
red, a dark reddish-brown approaching black in transmitted light, and in* reflected light 
they are dark brown to grey. L. Gattermann said that the crystals are six-sided plates ; 
and F. Wdnler and H. St. C. Devillo obtainod eight-sided prisms with octahedral ends. 
A. Sella, and G. Sartorius agree that the crystals are hipj*amids belonging tc^fhe tetragonal 
system, the axial ratios were given respectively os a : c - 1 : 0 5762 and 1 : 0*5756. F.*Wdhter 
and H. St. C. Deville gave 2*68 for the sp. gr. ; A. Wigand, 2*49 ; and H. Biltz, 2'590±0’006 
at 18*74°. • F. Wdhler and H. St. C. Deville found the crystals to be so very hard that they 
readily scratch ruby and corundum, and %ven the diamond ; and they stated that the 
crystals do not change when heated to the m.p. of iridium, and that in air they bum super- 
ficially at the same temp, as the diamond, forming a crust of boron oxide ; H. V. Regnault 
found 0*250 for the sp. ht. ; H. Kopp gave 0*230 ; A. Wigand, 0*165 at 21° ; W. G. Mixter 
and E. S. Dana, 0*2518 ; and H. F Weber 

- 39 * 6 * * 26 * 6 ® 27 * 6 ° 125 * 8 ® 233 * 2 * * 

Sp. ht. . . 0*1915 « 0*2382 0*2737 0*3069 ' # 0*3663 r 
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According to F. WShler and H. St. C. pdville, tV> crystals are doubly refracting. Adaraan- 
tine boron is not attacked by acids, but aqua regia acts slowly ; it is attaoked by fused 
potassium *hydrosulpbato at red heat, forming sulphur dioxide ; fused phosphoric acid forms 
lioric oxide and a flame coloured by phosphorus ; fused potassium nitrate has no action ; 
fused sodium hydroxide or sodium carbonate forms a little sodium borate at a/ed heat, 
but a boiling aq. soln. of the former has no action. A. Ditto found that boric acid ant * 
iodine are forced when hydrogen iodide acts on adamantine boron at a red heat. 
M. Berthelot allowed chlorine to act on white-hot adamantine boron, and found that a part 
of th<? earlwm is removed and deposited as graphite crystals u little distance away from the 
seat of the reaction ; it was accordingly assumed that a compound with chlorine is formed 
and decomposed during the reaction. 

The chemical properties Of boron.— Most, of our knowledge of the chemical 
properties #f amorphous boron is a result- of II . Moissan’s 3 tiludes sur le bore amorphe. 
The samples hero used wore shown by E. Wointraub to contain 4-5 per cent, of 
oxygen. Summaries have been made by E. Davies, Wt Mullar-Erzbach, F. Tiemann, 
etc. According to H. Moissan, amorphous boron unites with the metalloids more 
readily Gian with the metals, and it has a strong affinity for oxygen, sulphur, fluorine, 
and chlorine. It is a mow 1 energetic reducing agent than carbon and silicon because 
it decomposes the oxides of these element* at a red heat. Its general chemical 
properties resemble those of carbon more closely than those of silicon. Indeed, 
boron resembles no other element so much as it does carbon. According to 
F. Wohler and H. St. G. DT*ville, strongly calcined amorphous boron is loss readily 
attacked by chemical agents than that which has not been calcined. 

According to II. Davy, II V. Hegnault, and F. Wohler and H. St. (\ Dovillo, 
boron is not influenced when heated to redness in hydrogen, and II. Moissan found 
the sp. gr. was not affected by heating boron to 15()(f in hydrogen. II. B. Baker 
and H. B. Dixon found boron retains occluded hydrogen very tenaciously. J. L. Gay 
Lussac and L. # .L Thenard said that amorphous boron does not oxidize in air at 
ordinary temp. B. Keinitzer found that very finely divided amorphous boron 
becomes covered with microscopic crystals of borif acid after 8 ]() days’ exposure 
to moist air. .1. L. Gay Lussac and L. J Thenard state that the oxidation of boron 
in air begins at about 300° ; it then burns in air with a reddish glow, and, added 
J. J. Berzelius, a green flame ; scintillating parts are produced, some boric oxide 
sublimes, and a dark residue mixed with vitrefied boric oxide remains. 11. Davy 
regarded the dark residue as boron suboxide, for he said that if- contains less oxygen 
than is presept in boric anhydride ; J. J. Berzelius said th*t- it is only boron changed 
physically by the high temp, of combustion ; and is probable that it contains a 
nitride. ' E. Weintraub showed that the brown amorphous boron prepared by the 
reduction of boric oxide or borax always contains oxygen, and lie suggested that 
it is boron suboxide ; more probably it is a solid # soln. of boric, oxide in boron. 
H. V. Kegnault said amorphous boron oxidizes ig\ air at J00° ; F. Meyer and 
B. Zappner’s prod net oxidizes on exposure toair ; and F. Wohlerand H. St. G. Deville 
noted that the light (loceulent boron* burns in air w r hen the temp, is slightly raised. 
H. Moissan said that the reports of the low temp, of the inflammation of boron are 
based on observations with samples contaminated with sodium boride ; and he 
added thHt thqpuritied product inflames iu air when heated to 700°, and it burns with 
a brilliant green flame of low actinic power. .The combustion is soon stopped by the 
formation of a layer of boric anhydride on the surface of the boron. E. Weintraub 
fqund that ffaeu boron can be heated strongly in air without undergoing any per- 
oejptible* oxidation. « H. Moissan’s boron behaves similarly in oxygen to what it 
does in air, but it ignites at a lower temp., and burns with a dazzling light. H.*B. Baker 
and H. B. Dixon found the dryness of the*oxygen has a marked influence on the 
results. 

J. J. Berzelius said that the freshly prepared unchlcined amorphous boron is 
joluble in Viator to which it imparts a greenish-yellow colour, and that the boron 
s precipitated from its aq. soln. by acids and salts ; .the residue left on evaporating 
she Jicprid in a glass dish forms a yellowish film ydiich is only partially taken up 
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when treated with water. J. J. Berzelifis wa0 qbviously de aling with a colloidal 
soln. G. Dragendorff thought that he had prepared hydrated boron by the jreducing 
action o! phosphorus on borax. J. L. Gay Lussac and L. J. TMnard said that 
amorphous boron does not decompose water at 100° ; but F. Wohler and H. St. 
C. Deville’ and H. Moissan found that steam reacts with boron at a red heat, forming 
boric acid and hydrogen. Once the reaction is started it proceeds with great 
energy, forming boric acid and hydrogen. F. Agcno and E. Barzetti said itliat 
hydrogen peroxide is decomposed by a colloidal soln. of boron, and that- boric acid 
is simifltaneouslv formed. * ' 

According to H. Moissan, fluorine attacks boron at ordinary temp., the mass 
becomes incandescent, and boron trifluoride is formed. W. Muller-Ej-zlmch studied 
the affinity of the halogens^for boron. Boron takes tire in chlorine at 41(^, forming 
boron chloride ; H. Davy s impure boron ignited at ordinary temp, in chlorine, 
II. Moissan further observed that in bromine vapour, inflammation occurs at 7(K)°, 
and boron bromide is formed . Bromine wat<*r attacks boron very slowly at ordinary 
temp., but the reaction is faster in the presence of potassium bromide. Boron is 
not attacked by iodine at ordinary temp., the reaction begins at about 1250° ; iodine 
in the presence of water acts slowly oi^ boron at ordinary temp. The hydrogen 
halides react with greater difficulty on boron ; H. Moissan found that hydrogen 
fluoride is not attacked below dull redness ; and F. Wohler and' 11. St. ('. Deville 
and H. Moissan found that hydrogen chloride attacks bofon at a bright red heat — 
in both cases hydrogen and the boron halide are formed. The former added that 
if the reaction occurs in a glass tube, some silicon chloride is formed by the joint 
action of boron and hydrogen chloride on glass. Boron is not attacked by hydro- 
chloric acid, sat. at 0°. H. Davy's impure boron was attacked by the boiling acid. 
H. Moissan found that hydrogen iodMe does not attack boron at 1300°, but at a 
more elevated temp, boron iodide is formed. According to H. Mpissan, boron 
reacts energetically with many matal fluorides, forming boron fluoride, the fluorides 
of the alkalies and alkaline earthsure decomposed at a bright red heat ; zinc fluoride 
is decomposed at a dull red heat ; the reaction by simple contact with lead and silver 
fluorides proceeds with explosive violence. The reaction with the chlorides is not 
so energetic ; the chlorides of the alkalies, alkaline earths, zinc, and lead are not 
attacked at a red heat, but mercurous chloride is reduced to mercury at 700°. 
F. Wohler and II. St. C. Deville found that lead chloride, mercuric chloride» §nd 
silver chloride arc reduced the metal and boron chloride. H. Moissau found that 
boron reduces a soln. of ferric chlpride to ferrous chloride, and soln. of palladium and 
platinum chlorides are reduced at ordinary temp. ; J. J. Berzelius and H. Moissan 
stated that a soln. of auric chloride is reduced by boron to uurous chloride. The 
last named also found that borcyi does not reduce lead, zinc, cadmium, and copper 
iodides at a red heat, but tin and bismuth iodides are readily reduced. According 
to H. Moissan, chloric acid is reduced by boron to chlorous arid ; and, according to 
A. Ditto and H. Moissan, iodic acid attacks boro*n below 40 ,J , forming boric acid and 
iodine, at the same time, the mixture becomes incandescent ; while the last named 
also found that iodine is precipitated from a cold aq. soln. of iodic acid. Fused 
potassium chlorate reacts vigorously with boron ; each portion of boron tfhieh is 
“projected on the fused mass produces une lumiire ebloumante. 

H. Dav^s impure boron dissolved slightly in molten sulphur. According to 
H. Moissan, boron unites with sulphur in the vicinity of 600°, and the mass becomes 
incandescentr— boron sulphide is formed ; it behaves similarly with Selenium at a 
more elevated temp., but it does not unite with melted tellurium. F. Wohler and 
H. St. C. Deville found that boron sulphide is formed when boron is heated with 
hydrogen sulphide. At a dull red heat, boron reduces sulphur dioxide to sulphur. 
J. L. Gay Lussac and L. J. Thenard, and H. Davy said that boron readily decom- 
poses hot cone, sulphuric acid ; but is not attacked by the cold acid. H. Moissan 
found that the reaction begins at 250°, and sulphur dioxide is formed. F. Wohler 
and H. St. C. Deville said that v^hen boron is heated with lead sulphide, borpn 
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to be reduced to sulphides by boron at a red heat. . . 

H. Moissan and (I. Charpy foiind that carbon does not combine direc y wi 
boron, although a boron carbide is formed when boron is heated in the elec nc arc 
in at atm. of hydrogen. J. N. Bring and W. Fielding found that above 2000 , boron 
changes carbon catalytically into graphite. At 1200°, boron reduces C&rbon 
monoxide to carbon. AccoVding to R. Lorfnz, carbon dioxide is likewise feduced 
by heated boron. H. Moissan heated boron to redness in the vapour of purified 
dried carbon disoJphide, and obtained carbon and boron sulphide. According to 
P. C. Chfhrie, car&on tetrachloride forms much boron chloride at 200°-250° : 
4B-F3CCl 4 -3C 1 -f4B( , l 3 ; chloroethene, C 2 C1 4 , acts less* readily, and hexachloro- 
benzene, ( W not at all ; flibromoethane, C 2 H 4 Br 2 ; ifnd tribromhydrin likewise form 
much tyoron bromide in’a sealed tube at 250°. J. L. (lav Lussac and L. J. Thenard 
found that when carbonates are heated with boron, carbon and the corresponding 
borate are formed. If. Moissan also found sodium carbonate is rapidly decomposed 
by boron at a dull red heat ; potassium carbonate at a higher temp. ; and barium and 
calcium carbonates not at all. If. Davy observed no reaction with acetic acid. He 
also found that silicon does not unite directly with boron ; and that'silica is reduced 
to silicon when the mixture is heated in a forge. A. Duboin and A. Gautier said that 
an intimate mixture of boron and silicon behaves like carbon in the presence of 
alumina. According to L. Troost and P. Hautefeuille, when boron is heated with 
silicon dioxide, silicon and boric oxide are formed. Similar results were obtained 
with zirconium dioxide, and titanium dioxide. * 

F. Wohler and II. St. C. Deville, and H. Moissan stated that boron unites with 
nitrogen at, 1*30°. The last named found that boron is without action on nitrogen 
peroxide. F. Wohler and H. St. (-. Deville found that amorphous boron burns when 
heated in an atm. of nitric oxide, forming boron nitride and boric oxide. F. Wohler 
said the action starts at a red heat. If. Davy noted that boron burns in nitrous 
Oxide, forming boric oxide— H. St. G. Deville and F. Wohler showed that some 
boron pitride is produced as well. Tin* last named also found that when boron is 
heated in a stream of ammonia, boion nitride is formed. .T. L. Gay Lussac and 
L. J. Thenard stated that feebly wanned nitric acid is decomposed by boron, furnish- 
ing boric a<yd, nitric oxide, and nitrogen ; they also stated that nitrates and nitrites 
are vigorously decomposed by boron. II. Moissan also found nitric acid reacts 
energetically with boron, and that v ith the cone, acid the reaction is so vigorous as 
to raise the mass to incandescence ; F. Meyer and R. Zappner's boron is a fine 
powder which reacts violently with dil. nitric acid, |nd inflames on contact with the 
cone. acid. O 11 the contrary, K Weintraub's fused boron is scarcely attacked when 
gently warmed with 10 per cent, nitric acid, under conditions where amorphous 
boron is readily attacked. Notwithstanding its great affinity for oxygen, boron 
may be immersed in fused potassium nitrate up to about 400°, without any reaction 
taking place, but as soon as the potassium nitrate begins to decompose an energetic 
reaction occurs ; a mixture of boron, sulphur, and nitre deflagrates at a dull red 
heat. Molten potassium nitrite is violently decomposed by boron. H. Moissan 
found that^a spin, of silver nitrite is reduced by boron, forming crystalline silver. 
H. Davy's impure boron Vas* slightly attacked by molten phosphorus, but 
jff. Moissan fhund#thafc boron does not unite directly with phosphorus, arsenic, or 
antimony at 750° ; phosphorus pentoxide at 800° is reduced to phosphorus ; 
amnions acid and arsenic acid are reduced arsenic at 800° ; and the arsenites and 
amnates are reduced at a dull red heat ; antimonious oxide is also readily reduced 
when heated with boron. The chromates are likewise Yeduced at dull redness, and a 
cold soln. fii potassium permanganate is decolorized by boron. 

* According to H. Moissan, the alkali metals have no action on boron, and they 
can d>e distilled from boron without combination ; magnesium, on the contrary, 


and lead are produced. . X L. Gay Lussac and L. J. Thenard found t at 
a red heat reduces sulphites and sulphates, forming sidphur and tlus metal 

The sulphates of the alkalies and alkaline earths were found by h. Moissan 
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gives a boride at a dull red heat ; iron and aluminium form borides only at a high 
temp. ; white silver and platinum readily combine with boron. H. Moifesan and 

G. Charpy found that when reduced iron is melted with boron in an atm. of hydro- 
gen, about 10 per cent, of the latter is dissolved.. The ferroboron so produced can ' 
be alloyed with steel, and the tensile strength of the steel is increased; without per- 
ceptibly affecting the hardness. H. Davy observed no reaction when boron is 
heated with mercury, and A. B. du Jassonneix that al the temp, of an electric furnace, 
boron i$ insoluble in copper, tin, and silver. E. Weintraub also found boron»does .not 
alloy with copper at a red heat, and P. C. Ray observed a similar result with 
magnesium. 

H. Davy’s impure boron was attacked by fused and*aq. soln. of the iixe^ alkalies. 
According to J. J. Berzelius, when boron is heated with potassium hydroxide, 
potaifeiuni borate and hydrogep are formed ; H. Moissan .observed a similar action 
Jaftthc molten hydroxide, and he found that the metallic oxides arc reduced more 
jjadily by boron than by carbon. For example, when a mixture of cupric oxide 
&ttd boron is warmed in a glass tube, the action is violent and the glass is molted , 
Stannous oxide, lead oxide, and bismuth oxide are readily ‘reduced ; a mixture of 
’boron and lead dioxide detonates violently when triturated in a mortar. At a red heat, 
the alkaline earth oxides are not affected ; but ferric and cobalt oxides are reduced. 

H. Giebelhausen found that amorphous boron dissolves irvcalcium fluoride and the 
boron crystallizes out on cooling ; with cadmium fluoride, boron fluoride and 

cadniium are formed. ' . 

The volatility of boron prevents its use in making filaments for electric lamps. 

K Weintraub recommends it strongly for purifying copper ; he said that if 0 03-0*1 
' "fer cent, be added to molten copper Jiefore it is cast, the metal is deoxidized and 
purified to a remarkable extent. He added that it is cheaper to use the amorphous 
powder than fused boron. The product was called boronized copper , Although it is 
virtually free from boron. The Jcrm, therefore, gofers to a mode of treatment 
rather than to its chemical composition. Similar remarks apply to the bronze 
stiicieux which F. Gautier found to contain no silicon. According to L. Guillet, 
H. Moissan and G. Charpy, and G. Hannesen, a little boron increases the breaking 
stress of steel. 

Reactions of analytical interest.— When a moderately cone? soln. of borax is 
treated with one of silver nitrate, a white precipitate of metaborate, AgB() 2 , is 
formed, soluble in ammonia or nitric acid; when the silver metaborate Is warmed, 
brown silver oxide is formed ; with cold dil. soln., silver oxide is precipitated. ‘Fairly 
cone. soln. of borax with barium chloride give a white precipitate of barium meta- 
borate, Ba(B0 2 ) 2 , soluble in an excess of barium chloride, and in soln. of ammonium 
salts and acids. A soln. of calcium chloride or of lead chloride behaves like that of 
barium chloride ; and a soln. of mbrcuric chloride gives a red precipitate. The latter 
reaction is sometimes styled G. Tammann’s reaction 4 for free borates. 

A hot very cone. soln. of an alkali borate may give a precipitate of boric acid 
when treated with hydrochloric acid ; again, sulphuric acid exerts no visible action 
on a soln. of borax, but most borates are decomposed by this acid liberating boric 
acid. A soln. of boric acid dissolves in alcohol, and the alcohol burns with a green 
flam e—jlameJest. Similarly, if a borate be decomposed by an acid, and the mass be 
mixed with alcohol, the latter burns with a green flame. The test is conveniently 
made on a watch glass. Methyl alcohol gives better results than ethyl altJbhol.., 
It is possible to detect 0*001 per cent, of boric oxide in a soln. by this test. If copper 
or barium be present the test is not satisfactory — the former must then be removed 
by hydrogen sulphide, and the latter by sulphuric acid. According to M. W. lies,® 
the test is best conducted by heating the borate moistened with sulphuric acid on a 
platinum foil until all the acid is expelled. It is then moistened with glycerol, and 
the latter ignited. A flame tinged green is produced if boric oxide be present ; aud 
0*001 per cent, of boric acid can be detected by this reaction. According to 
E. Turner, if a powdered borata- be mixed with a few drops of water, and 
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approximately three times its weight of' Turner’s flux-a mixture of powdered 
calcium Or potassium fluoride with 4-5 times its weight of potassium nydrosulpnate 
—-and the paste exposed on a loop of platinum wire in the blowpipe (or Bunsen s) 
flame, boron fluoride is volatilized and it imparts a greenish tinge to the flame. The 
reaction will detect 001 grin, of boric acid in a silicate. 

If a borate be just acidified with dil. hydrochloric aeid, and a strip of turmeric 
paper be half immersed in the soln., no apparent change occurs ; but if the paper be 
dried on«t watch-glass at 10(1°, the half which has been dipped in the boric aci<} shows 
a peculiar brownish-red colo ratio n— turmeric test. If but a small trace of boric 
oxide be present, the stain may be pink. The colour remains when the stain is 
dipped imborie acid again, or in dil. sulphuric or hydrochloric acid. The brown 
stain produced by alkalies changes into yellow under these conditions. If too little 
acid be used, there may be no coloration ; if too much, the colour may be brown. 
If the boric acid stain .be touched with a soln. of potassium hydroxide, the paper 
becomes bluish- Idaek or bluish-grey, according as much or little boric acid be 
present. A little hydrochloric, acid will restore the red colour. As little as O'OOOl 
grm. of boric aeid can lie detected by the (pink) colour produced in this manner. 
The presence of oxidizing agents like chldVates, chromates, iodides, etc., interferes 
with the test by destroying tin 4 turmeric. Nitric aeid is an exception. Cone, 
hydrochloric acid may gwe a dark brown stain under the conditions of the test ; 
ferric chloride, molybdenum, and zirconium salts give a brownish-red stain which is 
not coloured bluish-black with potash soln. 

Still smaller amounts of boric aeid can he detected if needed by placing the soln. 
under investigation in a small dish and evaporating it to dryness in a desiccator 
in vacuo at a low temp. If a few drops of ^n alconolic extract of a few turmeric 
papers be mixed in a porcelain dish with the borate, the soln. acidified with acetic 
acid, and evaporated to dryness on a water-bath, a reddish-brown residue will be 
obtained if as little asO'0002 grin, of B 2 () a Ixwpresdnt, while (V(!(J(X)2 grm. will produce 
a perceptible coloration. 

Boric acid reacts feebly acid towards litmus ; and the alkali salts react alkaline ; 


the colour of methyl orange or of p-nitrophenol is not affected by boric acid ;■ a 
soln. of boric acid neutralized with alkali hydroxide, with phenolphth&lein as 
indicator, again gives an aeid reaction if glycerol or mannite be added to the soln. 
If an a<|. soln. of boric aeid be titrated with a standard soln. of sodium hydroxide, 
the pink ‘colour of phenolphthalein is developed before all the boric acid is 
neutralized ; but if the soln. contains sufficient glycerol or mannitol, the boric acid 
all reacts with the sodium hydroxide ; NaOH-f H 3 B() :i - 2H 2 0+NaB0 2 , before the 
pink coloration appears. A volumetric process is based on this reaction. If a 
standard soln. of hydrochloric acid be added to a stdn. of borax with methyl orange 
or better, p-nitrophenol, as indicator, the soln. reacts aeid only when all the sodium 
is neutralized by hydrochloric aj'id : NaoB 4 () 7 4-f>H 2 (H2HU~ 2Na(fl-MH 3 B0 3 . 
The liberated boric add can then be titrated with standard alkali with 
phenolphthalein as indicator. 

If *a borate be distilled with sulphuric acid and methyl alcohol, a volatile methyl 
borate, boiling at 65°, distils over ; with ethyl alcohol a volatile ethyl borate, boiling 
at 120°, is obtained. The alkyl borate cah be saponified with alkaii hydroxide, and 
the boric »cid determined by volumetric methods, vide supra, or weighed as potassium 
fluolfcirate. • 

Determinatiob o! the atomic weight oi boron.— The accurate determination 
of the at. wt. of boron has presented man^ difficulties because of the small number of 
compounds which are suited to accurate measurements. J. L. Gay Lussac and 
L. J. Thenard® said that when oxidized with nitric ^cid boron takes up about one- 
third of its weight of oxygen ; this would make the at. wt. 48—oxygen, 16 ; H. Davy 
found th&t when one part of boron is burnt in oxygen, it takes up 1*8 parts of oxygen. 
This would jnake the at. wt. 13*3. The samples of boron employed were very 
ftnpure. T. Thomson discussed the at. wt. ofdboron in 1824. In J. J. Berzelius’s 
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list of 1815, a number corresponding with llll),* if oxygen be 16, was given ; and 
in 1818, he gfave 1115. At first, J. J. Berzelius wrote the formula of boron oxide, 
BA, and he later changed this to B0 2 (with oxygen=^8), thus making the at. wt. 
of boron approximately 22— some wrote the formula B0 2 . V. Kletzinskv in 1865 
wrote the formula B0 6 (with oxygon 8), and gave 44 for the at. wt. The at. wt. of 
boron=ll, is in harmony with values deduced by Avogadro's rule from the volatile 
. compounds of boron. 

In # its compounds with the electronegative elements boron is tervalent, and 
highest known oxide is the trioxide (B 2 0 3 )« ; no halide is known higher than BF ;} 
or BC1 3 ; and in the boron alkyls, B(CH 3 ) 3 and B(C 2 H 5 ) 3 , boron is undoubtedly 
tervalent. It has been argued that if three represents the maximum yalenev of 
boron, the boron alkyls and halides would probably be chemically inert like the 
hydrocarbons, and carbon tetrachloride ; on the contrary, the boron halides and 
alkyls are very reactive*, and readily unite additivelv with ammonia, potassium 
hydroxide, etc., forming compounds like BfCH^.NI^, B(PH 3 ) 3 .KOH, • HBF 4 . 
BC1 3 .N0C1, BCl 3 .HCy, BCI 3 .C 2 H 5 Cy, *BCl 3 .CyCl, etc., in which it is supposed the 
boron is quinque valent. It is also said to behave {is a quinquevalent element in 
ammonio-boron trimethyl, and in the Ixtronium compounds of J. Schumacher r.q, 
acetylacetoneboronium chloride, which he represents by the formula 

rCH,.C.O /O.O.CHg-j 

Hi! >/ (’:H ('1 

CHg.C.O 7 0.C.CH3J 

H 3 N : B(CH 3 );j and in boric ethopentaethylate, (C 2 H 6 0) 3 B : B(C 2 IJ r,)(()C , 2 H 5 ) 2 , as 
shown by E. Frankland in 187tf ; in monophenyl boron chloride, r rt H 5 BCl 4 , as shown 
by A. Michaelis and 1\ Becker ; in tne pyroeatecholboric acid, (t' 6 H 4 0 2 ) 2 ' / BIl, of 
J. Boeseken, and P. JI. Hermans ; in sodium ethyl borate, Na.B(()(’ 2 H 5 ) 4 , or 
NaO.B(()C 2 H5)3.C 2 H5, in boron ptmtasiilphide, B 2 So, prepared by H. Moissan ; in 
M. Travers and P. 0. Kay's borohydrates ; and in boron oxytrichloride, B0C1 3 , 
reported by C. Councler, but shown by R. Lorenz to be more probably B 8 () U C1 2 . 
The existence of neither B0C1 3 nor of B 2 S 5 has been confirmed. J. Boeseken regarded 
the existence of the quinquevalent boron compounds as lending support to the octet 
theory of valency ; and to be explained on the same lines as that of the ammonium 
compounds, but whereas the nitrogen atom has to lose an electron in order to became 
quinquevalent, thereby becoming an electropositive ion, the boron atom'has to gain 
an electron, forming an electronegative ion. In boron fluoride, BF S , tho outer 
electron shell of the boron atom contains six electrons, shared in pairs with the 
fluorine atom. When combining with another mol. of hydrogen fluoride, the boron 
atom completes its octet by shading with the new fluorine atom one of the electrons 
of the latter and a hydrogen electron. By taking the hydrogen electron, however, 
it forms the negative ion, BF 4 ', and the positive i<jn, H’ . It follows that when boron 
is functioning as a quinquevalent atom four of its valencies are non-polar and the 
fifth polar, as in the case of nitrogen. Boron functions as a quadrivalent element 
when a normal boron compound such as BK 3 combines with a mol. containing two 
available electrons in the outer shell of one of its atoms, for 
instance, ammonia. Thus the stable colnpound, BF 3 , NH 3 , 
can be formulated as in Fig. 5, in which the boron atom 
appears truly quadrivalent, as does the nitrogen.' A. Stock 
and co-workers stated that the evidence for the quinque- 
valency of ‘boron is feeble and indecisive, and that the 
maximum valency of boron is four. He added that 
G. Bodlander and K. Abegg,’s rule that the sum of the y I0# 5.— Electronic 
maximum positive and negative valencies of all elements Structured BF,.NH r 
is 8, does not apply in the case of boron. 

The at. wt. 11 is almost in harmony with the position of boron at the head of 
the third group of the periodic table passigDed to it by D. I. Mendeteeff . T>, Georgfevfc 
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argued that the right position of boron in the periodic table is in the aluminium 
group because (i) its oxide acts like aluminium oxide as a feeble base and as a feeble 
acid ; (ii) the alkyl compounds of the two elements are sum ar ; and (m) the iso- 
morphism of euclase and datolite. A. fitard placed it at the head of the.vanadmm 
group very near to phosphorus : N, P, As, Sb, Bi, . . . B, V, Nb, la The 
abnormal sp. ht. of boron made tjie at. wt. 1 1 not fit well with Dulong and Petit s rule. 
N. Delaunay made some observations on the at. wt. of boron with other elements.- 

Preliminary experiments were made by J. J. Berzelius with boric acid , r and by 
A. Arfvedson with borax. These are so discordant with later values that they 
are usually omitted from calculations. Some years later, in 1822, J. J. Berzelius 
made determination based on three concordant measurements of the per cent, of 
water in borax, and from the ratio, Na<>B 4 O 7 .10H 2 O : 10H 2 O, he calculated 11 08 , 
from the same ratio, A. .Laurent (1849) calculated,! 1 85 ; V. Dobrovolsky (1896), 
10-87 ; ’J. L. H. Abrahall (1892), 10 70 ; W. Ramsay and B>’ Aston (1893), 10 94 ; and 
F. P. Armitage (1898), 10-99. ' There are special sources of error connected with the 
use of borax due to (i) tl\e difficulty in ensuring complete dehydration by ignition, but, 
said V. Dobrovolsky, this readily can be ensured if small quantities are employed ; 
(ii) the possibility of volatilizating both soda and boric acid during the ignition as 
shown by N. Leonard ; (iii) the difficulty in avoiding the inclusion of some mother 
liquid during the crystallization of borax ; and (iv) the difficulty in accurately 
weighing the crystals owing to efflorescence if the vap. press, of the hydrated salt 
is greater than that of the humidity in the atm., and to the surface condensation 
moisture when the humidity of the atm. is greater than the vap. press, of the crystals. 
U, Fresenius also wrote on this subject. The risks ar^ illustrated by J . L. H. Abrahall 
who found that crystallized borax contained 47‘286 per cent, of moisture, and 
W. Ramsay and E. A^ton, 47*168 percent. 

In 1824, 3 J. Berzelius transformed borax into sodium sulphate by igniting it 
with sulphuiic and hydrofluoric acids, aml,4rom Jhe ratio Na 2 B 4 0 7 .10H 2 0 : Na 2 S0 4 
he calculated the at. wt. 11*0. \V. Ramsay and E. Aston distilled dehydrated borax 
with hydrochloric acid and methyl alcohol, and from the ratios Na 2 B 4 0 7 : 2NaCl 
calculated the at. wt. 10*96 and 10*97. They also converted the sodium chloride 
into stiver chloride, and from the ratios Na 2 B 4 0 7 : 2NaCl : 2AgCl calculated the at. 
wt.* 11*05. K. Rimbach titrated a soln. of borax with hydrochloric acid with 
meThyl orange as indicator, and from the ratio NaB 4 0 7 .10H 2 0 : 2HC1 calculated the 
at. wt. 11*1)1 ; F. P. Armitage titrated a soln. of fused* borax with sulphuric acid, 
and frem the ratio Na 2 B t 0 7 : H JSO4 obtained the* at. wt. 10*94. G. P. Baxter and 
A. F. Scott determined the ratios BC1 ;J : 3Ag and BBr 3 : 3Ag, and obtained 
10*83 + 0*01 for the at. wt. of boron ; (). ilonigschmid and L. Birckenbach obtained 
from the ratios BCl 3 : 3Ag, and BC1 S : 3AgCI, 10*8J? 

In 1859, .1. B. A. Dumas communicated the results of experiments by F. Wohler 
and H. St. C. Deville on the composition of the boron halides in which the ratio 
BCl 3 :3AgCl give numbers corresponding with 10*62 to 1106, and the ratio 
BBr3 : 3AgBr, 10*96 for the at. wt. of boron ; for the latter ratio, H. Gautier (1890) 
obtained 11*02 and 11*03, and for the ratio BCl 3 : 3AgCl, 10*95. J. L. H. Abrahall 
obtained for the ratio BBr 3 : 3Ag, 10*82 and 10*90. It is very difficult to prepare 
the boron halides quite free from hydrog'en halides. II. Gautier concerted boron 
sulphide mto the sulphate, a-nd^from the ratio B 2 S 3 : 3BaS0 4 obtained the at. wt. 
,11*04 ; H. Cautier also burnt boron carbide, and from the ratio B e C : C0 2 calculated 
* the at. wt. 11*0(5. A. Stock and E. Kuss measured the hydrogen evolved in the 
reaction B2H fl +6H 2 0-=2II 3 B0 3 d-6H 2 , and from the results calculated for the 
at. wt. of boron 10*8055 (H=l*0077). F. H. Loring calculated 10*77. 

In 1898, T. W. Richards gave 10*95 as the .best representative value for 
the at. wt. of boron ; and in 1910, F. W. Clarke calculated the general mean to 
be 10*9805 + 0*0013, but added: “the uncertainties are so great that the final 
mean may bg allowed to stand until better evidence as to the true at. wt. of boron 
is obtained. v B. Brauner also wrote in 1905 : 0 We know little more about the at. 
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wt. of boron than was known in 1824, that is that the at. wt. is 110; but we 
cannot say w'ith any assurance whether the true at. wt. is greater or less than this 
value.” The International Committee on Atomic Weights gave 110 for the best 
representative value of this constant. 

The atomic number of boron is 5. F. W. Aston 7 found that boron has two 
isotopes of at. wt. respectively 10 and 11, and that the evidence is against 
the presence of a third isotope. F. H. Loring has discussed this subject. 

H. V. *A. Briscoe and P. L. Robinson, in some preliminary observation* on the 
ratio BClg : 3Ag, fouud for Tuscany and Asia Minor minerals the at. wt. 10‘82, and 
for a United States mineral, 10*84 (Ag~107*880, Cl “35*400). E. Rutherford and 
J. Chadwiek, and G. Ivirsch and H. Pettersson found that long-rung^ particles 
were liberated trom boron when bombarded by a-rays. These were assumed to 
be hydrogen nuclei, resulting fjom the decomposition ot boron atoms. The dis- 
tribution of momentum In terms of the initial velocity of the a-partieles has been 
measured, and it is estimated that there is a 42 per cent, gain in energy as a result 
of the assumed disintegration of the boron. N. V. Sidgwick discussed the electronic 
structure of the atoms. 

References. 

1 J. L. Gay Lussac and L. J. Thcnard, Pecherches jthysico-chimiqucs, Paris, 1. 270, 1811 j 
Bull. Soc. Philomath , (2), 1. 10, 1808 ; Ann. (.'him. Phys. , (f), 68. W0, 1808 ; Mbm. Soc. Arauil, 
2. 311, 1800 ; J. J. Berzelius, Pogq. Ann.,2. 113, 1824 ; 34. 500, 1835 ; 11. Davy, Phil. Tran*., 98. 

I, 333, 1808 ; 99. 75, 1800; It. I). Thomson, Phil. Mag., (2), 10. 410, 1831 ; F. Wohler and 
H. St. C. Deville, Compt. Pad., 43. 1088, 1850; 44. 342, .857 ; 45. 888, 1857 ; 64. 10, 1867 ; 
A. C. VournasoR, j />., 150. 464, 022, 1010; Ann Chitn. Phys., (3), 52. 03, 1858; Liebig's Ann., 
101. 113, 347, 1857 ; 105. 07. 1858; 141. 208, 1807 ; W. Hampe, tb , 183. 75, 1870; Vhern. 
Ztg., 12. 841, 1888 ; R. Lorenz, Liebig's Ann., 247. 220, 1888 ; K A. Kiihnc. (Jernvin Pat., I) P.PP. 
147871, 1902 ; 170403, 1904 ; B. Springfeldt (The British Thomson -Houston Go.), Elektroclum. 
7ml., 15. 8, 1908 ; H. Moissan, Compt. llend., 114. 310, 302, 017, 022, 1802 ; 116. 1087, 1803 ; 
117. 423, 1803 ; Bull. Soc. ('htm., (3), 11. 055, 1804 ; J»n Chm. Phys., (7), 6. 200, 438, 1805 ; 
(7), 9. 133, 1800; (7), 18. 280, 1899 ;\J. B.*A. Dumas, A, (2), 31. 370, 1820; F. Ageno and 

E, Barzctti, A Hi Accad. Lined, (5), 19.*, 381, 1010; B. Reinitzer, Sitzber. A kad. ITtYn, 82. 730, 
1880 ; Monatsh., 1. 792, 1880 ; N A. Orlotf, Chm. Ztg., 25. 405, 1001 ; L. Franck, A, 22. 230, 
1898 ; G. Dragendorff, ('hem. Centrb,, (2), 6. 805, 1801 ; A. Gcuther, Jena Zeit., 2. 200, 1805 ; 

G. Winkler, Btr., 23. 772, 1800 ; L. Gattermann, A, 22. 195, 1880 ; A. Stock and W. Hollo, ib. 
41. 2090, 1008; H. Biltz, A, 41. 2034, 1908 ; 43. 207, 1010; A. Joly, Compt. Pcid., 97. 450. 
1883 ; A. Besson and L. Fournipr, ib , 150. 872, 1010; A. Besson,, t&., 114. 771, 1802; 

H. Goldschmidt, Elektrochcm. Zeit., 4. 104, 1808 ; T. L. Phipson, Pror. Roy. Soc., 13. 217, l$f)4 ; 

F. Jones, Journ. Cla m. Soc.., 3fL 41, 1870 ; A. Z. Hartmann, Uef)cr die Elektrolyse aeschmolzener 

Borate, Munchen, 1913; A. Stock and W. Hollo, Per., 41. 2005, 1908; F. E. "Weston and 
H. R. Ellis, Trans. Faraday Soc., 3. 170, 1908; A. Stabler and J. J. Elbert, Per., 46. 2000, 
1913; F. Meyer and R. Zappner, ib., 54 B, 550, 1921 ; 0. Honigschmid, Monatsh., 28. 1107, 
1007 ; G. Constant and V. Raisin, Brit. Pat. Nos. 102252, 102055, 1021 ; E. PodszuB, Zeit. 
anorg. ('hem., 99. 123, 1917; A. Zschille-Hartniann, Sthkat. Zeit., 2. 113, 1014; J. N. Bring 
and W. Fielding, Journ. Chem. Soc.,\&. 1407, 1010; It. G. Ray, ib., 105. 2102, 1014 ; E. Tiedo 

and E. Birnbrauer, Zeit. anorg. Chem., 87. 120, 1014 ; E. Tiode, Per., 46. 2220, 1013 ; F. Meyer 

and It. Zappner, ib., 54. B, 550, 1921 ; E. Wcintraub, Trans. Amer. Elcctroche.rn, Soc., 16. 105, 
1000; Jmrn. Ind. Eng. Chem., 3. 299, 1011 ; 5. 100, *1013; U.S. Pat. Nos. 007870, 007880, 
907881,007882, 1911; 1019394, 1010509, 1912; Brit. Pat. Nos. 21007, 22334, 25078, 1000; 
1197, 1907; 25033, 1910 ; 7103, 1911; S. G. Rawson, Chem. News, 58. 283, 1888; G. Gore, 
ib., 50. 113, 1884; H. N. Warren, ib., 74. 04, 1800 ; H. Kuzel, German Pat., D.R.P. j 80980, 
1906 ; H. Gustavson, Zeit. Chem., (2), 6. 521, 1870 ; H. C. C. MaiBoh, Zur Kenntinss des Pars, 
Gottingen, 1887; L. Gmelin, Schmigger's Journ., 15. 245, 1824; «J. W. Dobereinor, ib., 16. 

116, 1816; A.*PlcUchl, ib., 25. 438, 1819; A. H. Warth, Bull. Maryland Acad., 3. 3, 1923; 

British Thomson- Houston Co., Brit. Pat. No. 103804, 1921. • • • 

* F. Wohler and H. St. G. Deville, Compt. Pend., 43. 1088, 1856 ; 44. 342, ^57 ; 45» 888, 

1857 ; 64. 19, 1867; H. Moissan, A, 114. 319, 302, 617, 022, 1892 ? 146. 1087, 1893;* 

117. 423, 1896 ; Bull. Soc. Chim., (3), 11. 955, 1894 ; Ann. ('him. Phys., (7), 6. 296, 428, 1895 ; 
(7), 9. 133, 1896 ; (7), 18. 289, 1809 ; J. L. Gay Lussac and L. J. Th6nard, Pecherches physico- 
ehimiques, Paris, 1. 276, 1911 ; Bull. Soc. Philomath., (2), 1. 10, 1808 ; Ann. Chim. Phys., (1), 68. 
169,1808; Mbm. Soc. Arceuil, 2. 311, 1809; A. Wigand, Ann. Physik, (4), 22. 64, 99, 1906; 

E. Donath and J Mayrhofer, Ber., 18 1588 1883 ; J. R. Rydberg, Zeit. phys. Chem., 83. 353, 1900 ; 

F. Zantedeschi, Giom. Fis. Chim. Ital„ 222, 1852 ; H. Kopp, Liebig's Ann. Suppl.,3. 1,,289, 1865 ; 
Liebig's Ann., 126. 362, 1863 ; W. Hampe, A, 183. 75, 1876 ; W. G. Mixtcr and E. S. Dana, A. 
169, 388, 1873 ; H. Moissan and H. Gautier, Ann. Chim. Phys., (7), 7. 568, 1896 : Compt. Rend., 
116. 924, 1893 ; L. Troost and P. HaiAefeuille, A, 70. 185, 1870 ; Bull. Soc. Chim., (2)T 16. 



22 


INORGANIC AND THEORETICAL CHEMISTRY 


213, 1870; M. Berthelot, ib., (2), 12. 4, i860; Ann, Chim. Phys., (5), 15. 185, 1878: (5) 16 
442, 1879 4 H. V. Regnault, ib., (3), 63. 5, 1861 ; G. Schmidt, Sitzber. Akad. Wienf®. 407, 1865 ! 
A. Schrauf, Pogg. Ann., 126. 177, 1865 ; 127. 175, 344, 1866 ; J. H. Gladstone, Proc. Ron Soc ’ 

18 40 1876. T W Rifthunla nhc*» .<?*/. 97 1 TQ1K. n TW Vi 


i vyy. /inn., ioq. 1 1 1 , iouu ; ici. i to, ow, 1000 ; u. n. waasrone, rroc. MOV. Hoc, 
18. 49, 1870 ; T. W. Richards, Journ. Amer. Chem. Soc., 37. 1646, 1915 ; C. M. Despretz, Compt 
). 545, 1849 ; A. Ditte, ib., 70, 621, 1870 ; L. Troost and P. Hautefeuille, ib., 78. 620 

dft R&ittliailflrfl n l/i 7fi 833 1873* Struirlres lumirunir Pnriu 1874 . a m. lit j ’ 


Hr hi},, 


tirny,, oq. j/ute, mi, icwu ; l i roost ana r. nauieieume, to., 78. 620 

1871 ; L. de Baisbaudran, ib., 76. 833, 1873 ; Spectres lumineux, Paris, 1874 ; G. Salet, Traitt d’e 
spectroscaj/ie, l*Jlris, 1888; Ann. Chim, Phys., (4), 28. 5, 1873; L. Hieulafait, ib., (5), 12. 318 
1877 ^ Compt. Rend., 85. 605, 1877 j* A. de Gramont, ib., 145. 1279, 1907; 146. 1260, 1908 * 
M. Bidaud, ib., 76. 489, 1873 ; 86, 387, 1878 ; J. ('. McLennan and M. L. Clark, Proc, Roy. Soc / 
102. A, UHH, 1022 ; K. Honda, Ann. Physilc, (4), 32. 1027, 1910 ; F. Koref, ib., (4), 36. 4Q, 1911 ■ 
H. F. Weber, Program. Jahresfeier Akad, Hohenheim, 56. 1, 1874; Pogg. Ann., 154. 367, 553, 
1875 ; Phil. Mag., (4), 49. 161, 276, 1875 ; W. A. Miller, tb., (3), 27. 81, 1845 ; H. A. Rowland, 
ib., (5), 36. 49, 1893; Artron. Astrophys., 12. 321, 1893; hi. A. Rowland and R. R. Tatnall, 
Atrophy*. 4 ourn., 1. 14, 1895 ; W. J. Humphreys, ib., 6. 232, 1897 ; H. Rose, Pogg. Ann., 102. 
545, 1857 ; J. F. VV. Hersehel, Trans. Roy. Soc. Rdin,, 9. 445, 1832*; ,J. Plucker, Pogg. Ann., 104. 
113, 1858 ; R. T. Himmler, »6., # U5. 242, 425, 1862 ; A. Mitscheilich, ib., 121. 459, 1864 ; F. Meyer 
and R. Zappner, Her., 54, B, 550, 1921 ; R. Bbttger, Journ. prakt. Chem., (1), 65. 392, 1862 • 
V. Aler /, »/> , (l). 99. 179. 1866 ; H. Blitz, Jier., 41. 2634, 1908 ; \t 397, 1910 ; L. Gattermann! 
tb., 22. 195, 1889; H*GiJm, ib., ll. 712, 1878; \i. Mer/. and W. Weith, ib., 6. 151S, 1873 
R. Thalen, Vpmla Vmv. Arsskr., (3), 6. 9, 1866 ; C. P. Smyth, Astron. Ohs. Edin., 13. 86, 1871 • 
C. Horner, Chem. AVmvt, 29. 66, 1874 ; M. W. lies, ib., 35. 204, 1877 ; W. Weith, Chem. Centrb., 
7 - l 84 - 187,5 * H Capron , ^Photographed Sjtectm, London, 1877; G. C!iamician, Sitzber. Akad. 
425. 1880 ; F Kvner and R. Haschek, ib., 106. 494, 1897 ; Tabelle der Funkenlinen, 
Wien. I, ML ; labelle dtr Rogenhnen, Wien, 1904 ; A. Hagenbaeh, W miner's Festschrift, 128, 1905; 
A. Hagenbaeh and H. Konen* Atlas der Emimmmpretra, Jena, 1905; H. Gilbert, Zeit. angew. 
(hem. 6. .>31, 1893 ; A. Sella, Mem. A read. Torino, (2). 17. 364, 493, 1858 ; G. Sartorius, Abhand. 
(as, }\m. ( ' ( »Gingcn,7.297, 1857 ; Veberder Krystallformendes Hors, Gottingen, 1857 ; A. Ghira, 
Uazz. ( him Hal., 23. 451, 1893 ; H. N. Warren, Chem. Neus, 74. 04, 1996 ; Jfi. Tiede and E. Birn- 

mm (,n V,‘ [!"?." 87 J 29 ’ 19,4 ; K Wf ' intl 'aub, Journ. lnd. Eng. Chem., 3. 299, 1911 ; 

0. im, 101.1; VV. K. Mott, Trans. Amer. Electrochem. Soc., 34. 555, 1918; 11. A. Millikan, 
moi i a,d ‘ Sn< ‘[ ,r f: \ 280 > 1021 ; At. A. Millikan and 1 S. Bowen, Phys . Rev., (2), 23. 1, 
M n r w U ; i MdnVkunfr'li. J. 1919; A. L. Hughes, Phil. Mag.,\tx), 

43. 14.», 1.122 ; O. VV. Richardson and V. B. Razzoni, tb., (6), 42. 1015, 1921 ; J. K. Richtmyer 
Ihys Rev (2), 17. 433, 1921; J. Holtsmark, Phys. Zed., 23. 252, 1922; 24. 225, 1923; 
Jy t , h ; t r /r r< 80 1 w nv e ' !°l 4I ’ J92i V 1 - «■ K^-nd E. Valenta. Denkschr. 

Chem So r af’in* Hem ‘’ 5 ' 42 ’ 1894 J F - Jone »- 

w ' V i ’ j 881 j W> N - Ha rtley, tb., 43. 390, 1883 ; Proc, Roy. Soc., 35. 30J 1883 • 

<T ST' r'i , A, » 12 ?’ 1915 5 H> Kayser an<1 v - Hunge, I Vied, Ann., 48. 126, 18G3; 

!i a #i Randenspectrum dcs Bor, Bonn, 1906; Zed. wiss. Phot., 4. 172, 1906; 

il/v iW /!’ ih " 7 ' J0, 4 ’ l W tijxrtroscopische (I ntersnehungen i\ber das Verhalten der Mttall 
mu in rlammcn ty verschiedener Temperature, Berlin, 1907; J. If. Pott, Observationum tl 

C Ttr\?7'ir\, ln ' '• M ' A - r “ takn > «<*• fL Qum., 

!« ii] in’n? 17 / A ■ Maryland .1 cad., 3. 3, 19J3 ; F. Michaud, Compt Rend., 

. i 4I ’ 191 V ,: K VftnAul HM Acad, lielq., 7. 155, 1921. 

43 l? 8, 2r>9 ’ 1858 * F - WShlef and H. St. (’. Deville, Compt. Rend., 

toS 1 ™ ms- .V « , ??• , 181,7 : 64 1<J - 1861 • H - Mowan. ib., 114. 311), 392, 817 

7)’ « « ,1 7-v 42 'i ,"!!? ?“"■ Soc - Vhim - < 3 )’ 11 18»! i Ann. Chim. 

I iwLV?'. 'i ,:W ' 838 » U). 13. 2H», 1899; J. J„ (Jay Lussac and 

1898 ■ i,.,) *'*"*''« yhymm-thm^un, Paris, 1, 278. Al 1 ; Bull. Soc. Philoimlh., (2), 1. 10 

jZ;, *0 ■ , Zi &> 'W Z Ti U C‘; "'•'"i*' eaviU i>Lm. 

llumm'il 1 M7 22S iJf/ p U n! PrK . rab " oh : s A " n - 318 - “3, 1883 ; 221. 125, 1883; 

1888 h.liemann in A. VV . Hoffmann, Rericht fiber die Einwickduna der 
C?Z jfn‘T' 322 ' 1875 ' «• V. Regnault, Ann. Chim. Z, l K 

1839 • J 1 HcLTdi. 8 , 82 ’ a Raker and H. B. Dixon, Pro c. Roy. Soc., 45. 1, 

Tl’ *D ' ’ ™ ,1S - 23. 1(10, 1818; Pogg. Ann., 2 113 1824- F Awn, 

m * m - m °i «^.*«end„? ff, (Sa^,fr« 

r Trtkiwt. anrl p iT’ 89 ' 18,9 * Huboin and A, Gautier, ib., 129. 217, 1899 • 

L. Trmmt and P. Hautefeuille, »6., 75. 1819,1872; P.C.Chabrtf Bull Soc Chim tl) 7 s 1«Q9 
H. Motssan «nd (f. Charnv. ib.. «1S. fu» iftor, . / * * i S { “Kl A 8 ’ 1892 


M FT;’ nn0rg ' Lh€m > 91 2 ' A > 1915 ; B. Reinitzer, Sitzber. Akad Wien 

m» 7 WT,Ll ^ 0intraub - T SUdiochem. foc u m, 

sriMTmwiWrSu 3. 299, 1913 ; 5.108,1913; P. C. Ray, Jmrn. cL 

ix’m mt- n il'., 1 ; -'. mpl - 144 1M». 1«W ; H. Mofaaan and G. Charpy, ib., 

if'B.Mom', %%■ < 3 r,- m 6 ^8 914 i^ M 7r n i B ^ n v fer - : 

Iron Steel ljut., 88. ii, 243, 1889 ' ’ 333 ' 1808 '• "■ 78 - 1809 1 F - Gmlm - 

!•£ Tammann.doar*. proil. Chem., (2), 46. 436, 1892. 

J ‘Ml • Clu ? M ‘ *• Ml. 181« 1 a Turner, Rim. Phil. Journ.. 14. 124, 1825 • 

J.’W. Mellor, A Treatise on Quantitative Inorganic Analysis, London, 1. 576, 1913. 



BORON 


23 


• 

• V. KJetiiosky, Miiteilungen aus dem Oebiet e dtr reinen vnd angewandten Ckemie, Wien, 1866 ; 
V. Dobrovolsky Contributions to the Chemistry of Boron and its Compounds , Kieff. 1860 ; R. Loront, 
Liebig's Ann., 247. 226, 1888; E. Frankland, Proc. Roy. 8oc., 26. 166, 1876; Compt. Rend., 
127. 798, 1898; A. fitard, ib.. 91. 637, 1880 ; H. Moissan, »6., 116. 271, 1892 ; H. Copaux, ib., 
127. 719, 4898; N. Delauney, -Chem. News, 97. 99, 1908; Compt. Rend., 146. 1279, 1907; 
A. Laurent, ib., 29. 7, 1849 ; G. D. HinrichB, ib., ISO. 1712, 1900 ; Monit. Scient.,{ii, 21. 733, 1907 ; 
T. Thomson, Ann. Phil., 7. 245, 1824; A. Michaelis and P. Becker, Ber., 13. 58, 1880; 
P. Georgievic, Journ. prakt. Chem., (2), 38. 118, 1888 ; A. Arfvcdson, Schueigger's Journ., 88. 8, 
1823 ; J. J. Berzelius, ib., 23. 160, 1818 ; Pogg. Ann., 2. 126, 1824 ; 8. 19, 1826 ; Afhandl. Fysik, 
4. 1, 18J5; R. Fresenius, Zett. anal. Chem., 3. 262, 1864 ; J. B. A. Dumas, Ann. Chkn. Phys., 
(3), 55. 181, 1859 ; J. L. Gay Lussac and L. J. Th^nard, tb., (1), 88. 169, 1808 ; F. Wohler and 
H. St. C. Deville, ib., (3), 52. 84, 1858 ; H. Gautier, tb., (7), 18. 352, 1899 ; ('ompt. Rend., 129. 
678, 1899 ; W. Ramsay and E. Aston, Journ. Chem. Soc., 83. 207, 1893 ; J. I,. R. Abrahall, ib., 
01. 650, 1892; F. P. Armitage, Proc. Chem. Soc., 14. 22, 1898; Chet rt. News, 7Tl 78, 1898; 
N. Leonard, ib,, 77. 104, 1898; (). Homgschmid and L. Birckenbaoh, Ann. Soc. Espan Fie. 
Quim., 20. 167, 1922 ; Ber., 56. B, 1467, 1923 ; J. Boeseken, Rec. %rav. Chim. Pays-Bas, 37. 184, 
1918 ; Proc. Acad. Amsterdam, 28. t)7, 1923 ; P. 11. Hermans, ib., 28. 32, 1923 ; H. Davy, Phil. 
Trans., 98. 82, 1808; E. Ritnbach, Ber., 28. 164, 1903; F. W. Clarke, A Recalculation of the 
Atomic Weights, Washington, 255, 1910; PJiil. Mag., (5), 12. 101, 1881*; Amer. Chan* Journ., 
3.J263, 1881 ; T. W. Richards, ib., 20. 543, 1898 ; B. Brauner in R.^Abegg, Handbuch der «««)• 
ganischen Chemie, Leipzig, 3. i, 5, 1906; V. Founder, Journ. prakt* Chan., (2), 18. 371, 1878; 
M. W. Travers and P. C. Ray, Proc. Roy. Soc., 87. A. 163, 1912 ; A. Stock, E. Kush, and 0. I'riess, 
Ber., 47. 3115, 1914 ; A. Stock and K. Kuss, ib., 56. B, 314, 1923 ; Znt.amnj. Chem., 128. 49, 
1923 ; F. H. Losing, Chem. News, 125. 239, 1922 ; J. Schumacher, Ueber Uommum und Tttnnonium * 
.salze, Zurich, 1906 ; G. P. Baxter and A. F. Scott, Science, (2), 54. *24, 1921 ; Proc. Amer. Acad., 
59 ‘M 1923 

V jf. W. Aston, Nature, 109. 468, 1920; Phil. Mag., (6), 40. 628, 1920; <3. P. Baxter 
and A. F. Scott, Science, (2), 54. 524, 1921; A. 1 ). Monroe, Journ. Chan. Soc., 121 . 986 , 1922 ; 
K. Rutherford and J. Chadwick, Phil. Mag., (6), 42. 809. 1921; (6), 44. 417, 1922; K. H. boring, 
('hem News, 125. 239, 1922; N. V. Sidgwick, Journ. Soc. Chem. Inn.— Chem. Jnd., 42. 1203, 
1923 ; G. Kirsch and H. Pettersshn, Phil. Mag., (6), 47. 500, 1924 ; H. V. A. Briscoe and 
P. L. Robinson (private communication). * 


§ 4. The Borides 

H. Davy 1 stated that potassium united with boron to form a grey mass of 
potassium boride which was decomposed by water into potassium hydroxide, and 
boron hydride ; but J. L. Gay Lussac and L. J. Thenard said that only a mixture is 
formed in this way. H. Moissan found that tin* alkali metals can be distilled ffom 
boron without reaction, but by reducing boric oxide with metallic tsodiulu he found 
a little sodium boride is formed. • * 

H.Giebelhausen 2 said that amorphous boron is not dissolved and is hardly wetted 
by molten copper. H. N. Warren electrolyzed a molten borate with a molten copper 
cathode, and obtained what he regarded as a copper boride ; L. H. and A. 11. ( owles 
used a mixture of boric acid and copper as an electrically heated resistance, and they 
found a little boron raised the tenacity of copper without affecting its resistance. 

R. S. Marsden claimed to have prepared a COPp6r boride, Cu 3 B 2 , by heating for 
3-4 lira., to a temp, above the m.p. of copper, a mixture of the two elements in a 
porcelain crucible placed in a graphite crucible and packed with carbon* 3 he 
reddish-yellow metallic mass was cleaned from the boron nitride. Ihe product 
had the colour of iron pyrites ; it is hard enough to scratch bronze but not Bteel or 
glass; it is malleable but brittle ; and its sp. gr. is 8116, that of copper being 
8-921. Analysis agreed with Cu 3 C 2 , or €u : B.Cu.fe : Cu. K. Nisehk ifescribed th^ 
preparation of alloys of copper and boron ; on the contrary, A. B. du Jassonncix 
found that* boron is insoluble in copper at the temp, of the electric furnace ; 

S. A. Tucker and H. R. Moody also failed to make a copper boride, and they 
added, “ there does not seen* to be any affinity between boron and the members 
of the copper group.” 

H. Giebelhausen said that amorphous boron is not dissolved, and hardly wetted 
by molten silver. Similar results were obtained by A. B. du Jassonneix with .silver 
and boron as he obtained with copper and boron. Boron was found by H. Moissaft * 
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to precipitate metallic silver from a Join, of silver nitrate ; and the brown precipitate 
obtained by P. Sabatier by passing gaseous boron hydride into a soln. of silver 
nitrate was found bv C. Winkler to be metallic silver. H. N. Warren claimed to 
have ma4e an alloy ‘of silver with 3 per cent, of boron- as silver boride by heating 
potassium bofofluoride with sodium and silver in a blast flame ; and a 6 per cent, 
alloy by heating a mixture of boron oxide, silver, and magnesium in an iron crucible 
lined with carbon. The yellow regulus dissolved with difficulty in nitric acid, and 
was littla attacked by hydrogen sulphide. ^ » 

According to H. C. Geelniuyden, when a mixture of boric oxide and calcium 
carbide is heated for 5 mins, in an electric furnace, calcium boride, CaB 6 , is 
formed. E. Wedekind obtained a theoretical yield by heating in an iron tube under 
press, a mixture of 30 grins, of calcium metaborate with 50 grins, of calcium, and 
extracting the product fiipt with dil. acetic acid, tljcn with dil. hydrochloric acid, 
and finally with hot water. Barium borate and calcium tieated in a similar manner 
gave t* product which always contained some calcium. W. Muthmann and 
L Weiss made calcium boride by heating a mixture of calcium and calcium 
borate at 1400°. E. Jiingst. and R. Mewes made calcium boride and barium 
boride, by heating 'the chloride or fluoride with an excess of boron in the 

electric furnace, and H. Moissan and P. Williams made both the$e borides as 
well an strontium boride > SrB 0 , by heating an intimate mixture of the alkaline 
earth borate, say, borate (1000 grins.), sugar charcoal (200 grins.), and aluminium 
(1)30 grins.) in a carbon crucible in an electric furnace for 7 mins. The powdered 
crystalline product was washed with dil. hydrochloric acid, and the residue 
boiled with the cone, acid, washed with water, and then with ether and toluene. 
The product was treated in turn with hydrofluoric acid, water, and ether until the 
latter was no longer coloured. The resulting boride was contaminated with a little 
graphite and boron carbide. A. Stock and W. Ilolle found the product of the action 
of calcium on boric oxide is calcium boride f not boron as supposed by H. Moissan. 
All three borides are black crystalline powders consisting of rectangular or cubic 
crystals which are transparent in thin layers and have a yellowish- or reddish-brown 
colour, if. Moissan gave for the sp. gr. of calcium boride, 2*33, strontium boride 
3*28, and barium boride 4 30, all at 15° ; E. Wedekind gave 211 at 18° for the sp. gr. 
of calcium boride, r The crystals scratch the ruby but not the diamond. The borides 
all tnelt in the electric furnace. E. Wedekind found that calcium boride* is a con- 
ductor of electricity, and if an arc be struck between tvfo electrodes made by com- 
pressing powdered calcium boride, the masses sinter leaving a product which cuts 
gjass. When heated in air, calcium boride is superficially oxidized. H. Moissan 
found that hydrogen has no action on the boride at a red heat ; fluorine reacts in 
the cold with incandescence ; chlorine reacts at a rfd heat, forming chlorides of the 
constituent elements ; bromine and iodine act more slowly ; bromine water, or a 
mixture of potassium chlorate and hydrochloric acid, acts slowly ; the red-hot boride 
burns when heated to redness ; water at ordinary temp, has no action nor does it 
act under press, at 250°, but above this temp, a skin of boric acid and calcium 
hydroxide is formed ; the hydrogen halides attack the boride slowly at a red heat ; 
the corresponding acids have no action ; sulphur acts at a bright red heat ; dil. 
sulphuric acid has no action, while the cone.* acid furnishes sulphur dioxide ; nitrogen 
at 1000° lws m action ; ammonia does not act at the softening temp, of glass ; 
i dil. and cory\ nitric acid act vigorously; oxidizing agents like lead oxide or 
potassium nitrate* act energetically at a red heat ; and similar remarks apply to 
potassium carbonate, hydroxide, and hydipsulphate. 

P. Lebeau* claimed to have made a crystalline mass of beryllium boride or 
possibly beryllium borocarbide, Be 8 B 3 C 2 , of sp. gr. 2 4, by melting beryllia with boron 
in a carbon crucible. The product was not attacked by hydrofluoric, hydrochloric, 
sulphuric,' or nitric -acid ; it was not attacked by oxygen at 20°, but there was a 
slight action f at 800° ; and chlorine attacked' it with incandescence at 450°. 
T. # L*. Phipson, 5 and H. Moissan claimed to have made a mass containing magnesium 
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boride by reducing boric oxide with magnesium ; the dark green mass was decom- 
posed by water. A. Geuther made magnesium boride, Mg 3 B 2 , by heating sodium 
fluoborate with magnesium ; E. Jiingst and R. Mewes heated magnesium chloride 
in an electric furnace with an excess of boron and obtained a grey mass of the boride ; 
F. Jones and R. L. Taylor represented the reaction between magnesium and boric 
oxide by 6Mg+ B 2 0 3 — Mg 3 B 2 +3MgO, and the reaction between boric chloride and 
magnesium by 6Mg-f2BCl 3 — Mg 3 B 2 -f-3MgCl 2 . Th*e product obtained by thclast- 
named.process is black and deliquescent owing to its being contaminated with 
some magnesium chloride. This product has much impurity ; when treated with 
cone, hydrochloric acid, spontaneously inflammable gas is obtained, presumably 
derived from the presence of magnesium silicide as an impurity. -A. gtock and 
(J. Massenez made magnesium boride by heating to redness an intimate mixture of 
powdered boron trioxide with tjiree times its weight of magnesium powder in a thin- 
walled iron crucible. Tlte yield is reduced if the temp, is too high ; if a. clay or 
porcelain crucible be used, the product is contaminated with silicon ; and a nickel 
crucible is more attacked by the fused mass than an iron crucible. The fusion is 
best conducted in an atm. free from oxygen and nitrogen. The. boride is but slowly 
attacked by water with the formation *of traces of borbn hydride ; it is slowly 
attacked by acetic acid, and rapidly attacked by a sulphuric or hydrochloric acid, 
forming a mixture of boron hydride gases contaminated with traces of carbon 
dioxide and silicon hydride ; a brown residue remains undissolved, and the soln. 
contains derivatives of the lower boron oxides. M. W. Travers and P. 0. Ray 
showed that probably magnesium diborule, MgB 2 , or Mg 2 B 4 , also exists. 

H. St. 0. Deville 8 made an alloy of aluminium with boron by melting the metal 
with borax, boric acid, or po'tassiunj fluoborate. H. N. Warren also introduced 
aluminium into a fused mixture of fluorspar and boric acid. In both ease's the white 
alloy was brittle. T. 8. Hunt made aluminium boride by the electrolysis of boron 
with fused alumina and powdercdVarben. F. Wohler and H. St. C. Deville showed 
that the so-called graphifformige Burs is really aluminium diboride, A1B 2 , or A1 2 B 4 , 
and they made it by heating a mixture of boron and aluminium, or of boric oxide 
and aluminium for a short time at not too high a temp. ; by passing boron chloride 
over heated aluminium ; or by melting a mixture of potassium fluoborate (8 parts), 
potassium and sodium chlorides (16 parts), and aluminium (5 parts) at the m.p. of 
silver. The excess of aluminium was removed by treatment with hydrochloric 
acid; sodium hydroxide; ‘and hydrofluoric acid. F. E, Weston and H. R. Ellis 
reduced boron trioxide with alunfinium powder by the thermite reaction, and boiled 
the product with hydrochloric or hydrofluoric acid, or fused it with bora$ 
and extracted it with water. A residue containing aluminium boride and alumina 
remained. F. Wohler and H. St. C. Deville said the crystals of aluminium boride 
were six-sided plates, and W. Sartorius von Waite rshausen made some observations 
on them. The former regarded them as identical with the inonoclinie crystals 
measured by W. H. Miller, but it is not clear what crystals the latter really did 
measure. W. Hampe said that the crystals of the diboridc appear as copper- 
red plates, and he showed that the crystalline boron prepared by F. folder 
and H. St. C. Deville is really a mixture of aluminium dodecaboride, A1B 12) or 
AI2B24, and aluminium borocarbide— q.v! W. Hampe made it by fusing aluminium 
with boric oxide ; by fusing aluminium with boriq oxide and cryolite or.fluorspar ; 
and by passing boron fluoride over heated aluminium. The first process gaw the 
beet results, the most important condition for the success beifig the absence 01 
carbon ; the temp, of melting iron maintained for 2 to 3 hrs. was sufficient to 
produce the crystals, but the yield was larger at higher temp. According to H. Biltz, 
the black crystals, being specifically lighter, can be separated from those of 
aluminium borocarbide by flotation in a mixture of methylene iodide and benzene. 
A. Joly also prepared crystals of the dodecaboride, and H. Bilt»made it by heating 
a mixture of boric oxide (250 grins.), Bulphur (250 grins.), and aluminium (600 grins.). 
The cold product was decomposed by water, the resulting aluminium hyarcfxMe 
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removed by levigation, and the globules of aluminium picked out. The mass was 
digested' successively with cone, hydrofluoric acid, hydrofluoric acid and dil. hydro- 
chloric acid, for many days. W. Hampe stated that the crystals are black or in 
very thin lamina? dark red, and yield a brownish-red powder ; they belong to the 
tnonoclinic system ; H. Biltz gave a : b : c=0*7130 : 1 : 0 7139 for the axial ratios ; 
W. Hampe said that the sp. gr.^at 17‘2° is 2*5345 ; H. Biltz found 2'455±0‘G05 at 
18°y4°. The hardness is greater'than that of corundum, and smaller than that of the 
diamond. According to W. Hampe, the crystals become steel-blue when hqated in 
air, and do not change when heated in oxygen at the temp, at which the diamond 
easily bums ; they are not attacked by hydrochloric acid ; scarcely attacked by 
an aq. sojp. of potassium hydroxide ; scarcely attacked by boiling cone, sulphuric 
acid ; gradually dissolved completely by hot cone. nitric*acid — with the production 
of some aluminium hydroxide ; oxidized with incandescence by molten potassium' 
hydroxide, or lead chroipate ; not attacked by molten potassium nitrate ; and slowly 
dissolved by molten* potassium* pvrosulphate. # This boride forms a fusible alloy with 
platinum. H. Giebelhausen found that amorphous boron is not dissolved, and hardly 
wetted by molten thallium and no thallium boride has been made. 

H. Moissan 7 noticed that when boron*is vaporized in the electric arc, the tips 
of the electrodes have black masses formed by the union of carbon and boron to 
form boron carbide or oarbon boride, and he stated that when the two elements 
are heated in the electric furnace, two borides are formed— one C&rbon hexaboride, 
(B fl , is stable, and the other product is alone attacked by a mixture of potassium 
chlorate and nitric acid. The hexaboride w*as found by A. Joly among the products 
obtained in the preparation of adamantine boron -<j.v. H. Moissan gave three 
methods of preparation : (i) by passing an ay? between carbon electrodes which are 
bound together with a mixture, of boric oxide and aluminium silicate — the product 
was found to be contaminated with silicon carbide ; (ii) by heating amorphous boron 
with carbon to about 3(KX)°, either by placing thej mixture directly in the arc, or by 
exposing it to the radiant heat of the arc in a small covered carbon crucible ; and 
(iii) by dissolving boron and carbon in certain metals- silver or copper- in the 
electric furnace, and dissolving out the metal with nitric acid. H. Gautier also 
employed the last-named process, which is considered to be the most suitable for the 
purpose. 8. A. Tucker and H. J. W. Bliss introduced powdered boric oxide into an 
arc*furnace in which a layer of petroleum coke at the bottom of a carbon crucible 
formed om* pole, and the other pole consisted of a grllphite rod hung vertically. 
J. N. Bring and W. Fielding fitted a strip of carboit in water-cooled brass tubes filled 
with graphite and pieces coppered and soldered to the brass tubes. This arrange- 
ment was fitted in a large glass globe, through which a mixture of boron chloride and 
hydrogen was allowed to circulate, when the carbon strip was at 1500°, a deposit 
of free boron was formed : at 1750", boron carbide commenced to form ; at 2150°, 
large crystalline masses of the carbide were formed ; and at 2200°, the boron carbide 
was dispersed (not volatilized) and deposited on the water-cooled brass tubes. 
According to E. Podszus, ut about 2000" boron nitride is converted by carbon, 
carbon, monoxide, or hydrogen and carbon disulphide into boron carbide. 
J. M. Logan made the carbide by heating mixtures of boric oxide and carbon in an 
electric furnace; and C. E. Parsons, a mikture of borax and carbon.# K. Nischk 
studied tha formation of carbon boride, and the affinity of carbon for boron. 

Carbon fy?xaboride j s a black crystalline substance with a metallic lustre, 
xl. Moissan gave !>*5l for the sp. gr., S. A. Tucker gave 2 7, and A. Joly, 2 542 at 
17°. S. A. Tucker said that the compound is harder than silicon carbide, and 
H, Moissan also noted its extreme hardness. Hence, it was recommended by 
H. Moissan for cutting diamonds ; and by S. A. Tusker for drills in rock boring ; 
for cutting rocks and glass ; grinding wheels ; in wire-drawing, etc, J. N. Pring 
and W, Fielding gave 2350° for the m.p., and added that it does not undergo any 
appreciable decomposition or volatilization below 2800°. W. R. Mott said that boron 
carade boils above the b.p, of carbon. S. A. Tu#ker and H. J. W. Bliss add that it 
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conducts electricity, and it has been utilized for electrodes by F. Bolling, in the 
construction of electric furnaces by E. G. Acheson, and for making lamp filaments 
by C. R. Bohm. According to H. Moissan, carbon hexaboride gives no carbon 
dioxide when heated in oxygen to 500°, and it burns slowly at 1000°, but more 
readily than the diamond, forming carbon dioxide and a black mass containing 
boric oxide. A. Joly found that when heated in chlorine, a residue of carbon mixed 
with a little aluminium and ferric chlorides is produced, and H. Moissan said that 
chlorine acts at 1000° without incandescence, producing boron chloride aid black 
porous carbon. Under similar conditions, bromine and iodine have no action. 
Boron carbide was found by H. Moissan, and S. A. Tucker and H. J. W. Bliss, not 
to be attacked by any acid — indeed, the former said that boiling cone, hydrofluoric 
acid and nitric acid, alone ©r mixed, have no action, and when heated with fuming 
nitric acid for 4 hrs. in a sealed.tubc, there is but little action, and likewise also with 
a mixture of iodic and chromic acid ; S. A. Tucker and H. J. W. Bliss found that a 
mixture of hot nitric acid and potassiym chlorate, and boiling sulphuric acid have 
no action. H. Moissan, and S. A. Tucker and H. J. W. Bliss found that boron 
carbide is decomposed by molten potassium hydroxide* with the evolution of 
carbon monoxide ; it is also decomposed by a fused mixture of potassium and 
sodium carbonates. 

O. Muhlhauser claimed to have inado carbon ntonoboridc, OB, or O a B„ by heating a mixture 
of boric oxide and carbon in an electric furnace. The graphite-like mass was heated in a 
platinum crucible for 5J hrs., powdered, boiled with hydrochloric acid, liltered, washed, 
again boiled with hydrochloric acid, and finally with a mixture of this acid and hydrofluoric 
acid. The black powder could scarcely be distinguished from graphite ; e.g. it blackened 
the fingers like graphite, etc. Its unalysis was represented by B.'.C-CeeB, It Ix'haves 
like H. Moissan’s hexaboride towards reagents - »•.;/. at a higher temp, it bocomes soft and 
melts ; it bums with difficulty in oxygen ; it is insoluble in neatly all the solvents ; it is 
decomposed by fusion with alkali hydroxides or carbonates ; and it is oxidized by beating 
it with lead chromate. Hence, added S. A. Tuckei and H. J. VV. Bliss, “ O. Muhlhauser 
actually obtained a mixture of carbide aiuf graphite, owing to the difficulty of separating 
the latter ; and he failed to obtain any large masses of the product because of the very 
high temp, necessary.'’ 

H. Moissan and A. Stock 8 heated one part of boron and five parts of crystalline 
silicon for about a minute in a vessel of refractory clay by mean# of an alternating 
current of 600 amps, and 45 volts. The cooled mass was treated with a mixture of 
nitric and hydrofluoric acids in order to remove excess of silicon, and thwrvstalline 
portion of the residue after heating with moist potassium hydroxide was extracted with 
dilute nitric acid and hot water and dried at 1 30°. The product consisted of a mixture 
of two borides, SiB 3 and SiB e , containing about 80-1)0 per cent, of the latter. The 
hexaboride is readily oxidized by boiling nitric acid, whereas the triboride is only 
slowly attacked by this reagent ; the latter compound, on the other hand, is decom- 
posed by fused potassium hydroxide, whilst the fgrmer remains unchanged. Silicon 
triboride, SiB 3 , forms black, rhombic plates which, when very thin, appear yellowish- 
brown by transmitted light ; its density is 2*52. The silicon hexaboride, 3iB fl , is 
always obtained in thick, black, opaque crystals with somewhat irregular Jaces ; 
its density is 2'47. These silicon borides, like the boride and silicide of carbon, are 
very hard, bging intermediate between the diamond and ruby in the scale of hard- 
ness ; they are soluble in fused silicon and conduct electricity. Wheiwgently heated, 
they are decomposed by fluorine and are attacked’at higher temp, by Adoring and 
bromine, but not by iodine or nitrogen. They become superficially oxidized by" 
heating in air or oxygen. They arc not affected by the haloid acids, but are slowly 
decomposed by boiling cone, sulphuric acid, and rapidly dissolved by fused potassium 
carbonate or by a mixture of, this compound with potassium nitrate ; the latter 
salt alone has no action on them. 0. P. Watts did not succeed in making definite 
borides by the action of boron on silicon at a high temp. 

H. Moissan obtained a diamond-hard titanium boride by heating the two 
constituents in an electric furnace. S. A. Tucker and H. R. Mo#dy prepaid 
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d y^wiinm boride, Zr 3 B 4 , by heading a mixture of 15 grms. of zirconium with 
2*2 grms. of boron, for 5 mins, in a carbon crucible with the aid of* a current of 
200 amps, and 65 volts. The product was a button, blackish on the outside, 
brittle, and of a steel-grey colour on fracture. Under the microscope, it proved to be 
an agglomeration of brilliant, tabular, translucent to transparent crystals, many of 
these being colourless. It had a sp. gr. 3‘7 and a hardness 8. It was slowly attacked 
by hot cone, acids and aqua regia. Boiling liquid bromine attacked it feebly. 
E. Wedekind obtained whjit he regarded as zirconium borocarbide by reducing 
zirconia with boron in an electric furnace ; black crystals separate from molten 
copper. 

A. B. du Jassonneix 0 found no signs of the formation of a tin boride when the 
two elements are heated in an electric furnace ; and H* Giebelhausen found that 
amorphous boron is not. dissolved and is hardly wetted by molten lead or tin. 
No laid, boride has been reported. E. Wedekind arid K. Fetzer obtained a 
micro -cystalline mass by heating an intimate mixture of thoria and boron in a 
magnesia crucible at a high temp. According to A. B. du Jassonneix if a mixture 
of thorium oxide and boron is heated for three minutes in a carbon boat in an electric 
furnace, with a current of 500 amps, and 100 volts, the mixture assumes a metallic 
appearance, and fusion occurs only after some minutes with a current of 700 amps. 
The hard bronze-yellow «r red product contains masses of needles, and is slightly 
carbonized only in the vicinity of the boat. When treated with hydrochloric acid, 
a gas containing hydrogen and hydrocarbons is evolved ; it bums with a green 
flame ; and leaves a residue containing the tetraboride or a mixture of tetra- and 
hexa-horides. The product containing not more than 10-12 per cent, of boron 
furnishes a yellow metallic powder of thoijum tdtraboride, ThB 4 , consisting of 
fragments of prismatic crystals and having a sp. gr. 7’5 at 15°. It is dissolved by 
cold cone, hydrochloric acid, by cold nitric acid with the formation of boric acid, or 
by hot sulphuric acid. Below a red heat, it is attacked by hydrogen chloride, by 
chlorine, or by sulphur with formation of boron and thorium sulphides, and it burns 
when slightly heated in contact with fluorine. The bronze-yellow to red product, 
containing over 12 per cent, of boron, contains a mixture of the borides from which 
the tetraboride is removed by extraction with cone, hydrochloric acid ; the remaining 
thorium hexaboride, ThB 0 , is an amorphous, reddish-violet, metallic substance 
which has a sp. gr. 6 4 at 15°, is not dissolved by cone, hydrochloric, hydrofluoric, 
or sulphuric acid, or by aq. alkali hydroxides, but dissolves easily in hot nitric 
acid and burns when slightly heated in fluorine.* It is attacked by chlorine and 
oxygen below a red heat, by hydrogen chloride at a red heat, and forms boron and 
thorium sulphides when heated in sulphur vapour. 

Boron reacts with nitrogen, forming boron nitride ( q.v .) ; and with phosphorus 
forming boron phosphide (q.v.), but borides of the arsenic family have not been made. 
8. A. Tucker and H. R. Moody failed to make a bismuth boride. H. Giebelhausen 
found that boron is not dissolved and is hardly wetted by molten bismuth. 
H, Moissan first prepared crystalline chromic boride, by heating the two elements 
in a carbon crucible in an electric furnace. O. P. Watts also made sonic impure 
chromium borides by heating a mixture of potassium dichromate, borax, calcium 
carbide, fluorspar, and aluminium in an ’electric arc furnace. S. Aj Tucker and 
H. R. Moody obtained chromium monoboride -probably CrB by heating a mixture 
of l(bgrms. € yf chromium and 2*1 grms. of boron for 6 mins, in an electric furnace 
— 175 ainps., 60 vMts. A product with the same composition was made by A. B. du 
Jassonneix by heating a mixture of chrorpium sesquioxide and boron and treating 
the product containing 16 per cent, of boron with hydrogen chloride or chlorine ; 
and by E. Wedekind and K. Fetzer, by heating amorphous boron with chrome 
thermite mixture in a fire-clay crucible. S. A. Tucker and H. R. Moody’s product 
was green and crystalline with a sp. gr. 5 ; E. Wedekind and K. Fetzer’a product 
was silvery-white and crystalline, of sp. gT. 5 4 at 17° ; and A. B. du Jassonneix’ 
pfbduct liad'a sp. gr. 61 at 15°. This boride is hard; melts with difficulty; 
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jonducts the electric current ; and is feebly ferromagnetic. It does not change 
irhen heated in air, or in oxygen at a red heat. A. B. du Jassonneix found that it 
reacts with cold fluorine with incandescence ; sulphur converts it into sulphide ; 
irhen heated with nitrogen there is only a superficial action, forming a greyish-black 
lubstance which gives ammonia when fused with potassium hydroxide ; and cold 
hydrofluoric, hydrochloric, and sulphuric acids react. E. Wedekind and K. Fetier 
jaid that the dil. acids have no action, and that hydrofluoric acid, a mixture of 
hydrofluoric and nitric acids, and a mixture of nitric .and hydrochloric acids act 
very slowly ; hot cone, sulphuric acid is reduced to sulphur dioxide ; and molten 
potassium hydroxide, nitrate, or chlorate acts feebly, but it is decomposed vigorously 
by sodium dioxide, forming chromate anti borate. A. B. du Jassonneix fpund that 
chromium ditritaboride, (> 3 B 2 , can be isolated from an alloy containing 1 10 per 
cent, of boron by the action of # hydrogen chloride below 4 red heat, it has a sp. gr. 
G'7 at 15°, burns in fluoric when gently heated, and is attacked with incandescence 
by cblorime below a red heat ; the action of bromine is less vigorous, whilst- iodine 
apour has only a superficial action at a red heat. When heated in air or oxygen, 
it becomes covered with a vitreous layer of the borate ; it is converted into a mixture 
of boron and chromium sulphides together with unchanged boron by the action of 
boiling sulphur ; it is completely soluble in eonc. or dil. hydrofluoric, hydrochloric, 
or sulphuric acid, and is oxidized with incandescence by fused alkali hydroxides or 
carbonates ; it is not acted on by nitric acid or alkali soln., or by nitrogen at a white 
heat. 

According to S. A. Tucker and H. Ii. Moody, 10 molybdenum boride, Mo 3 B 4 , is 
obtained by heating a mixture of the two constituent elements in an electric furnace 
for 20 mins. The crystalline ntass has # a sp. gr. 7 105 ; and hardness 9. It melts at 
a very high temp,, and is not easily attacked by acids. 0. P. Matts also made a 
soln. of molybdenum boride in a large excess of molybdenum, by heating in an 
electric arc furnace a mixture of ntolvb<ienite, boron oxide, and aluminium powder. 
H. Moissan prepared a tungsten fioride which scratched glass by heating the two 
elements in an electric arc furnace, and S. A. Tucker and H. li. Moody obtained 
tungsten boride, probably WB 2 , by fusing a mixture of the tw'o elements in an 
electric arc furnace. The silvery product contained octahedral crystals of sp. gr. 

9 G, and hardness 8. It was slowly attacked by cone, acids, and vigorously by 
aqua regia. 

L. Troost and P. Haute teuille 11 prepared small violet-grey crystals of manganese 
diboride, MnB 2 , by heating manganese carbide, with boric oxide in a carbon crucible : 
Mn 3 C-j-3B 2 0 3 -f 80— 3MnB 2 -l-9CO. C. Matignon and li. Trannoy obtained needlc.- 
like crystals by firing according to the thermite process an intimate mixture of 
manganese and boric oxides, aiuFfinely powdered aluminium in a crucible lined with 
magnesia ; and 0. P. Watts obtained a mixture of the two manganese borides by a 
similar process. A. B. du Jassonneix said tjiat the product always contains 
aluminium from which it is purified by heating it in a stream of chlorine, 
and washing out the chlorine successively with ice-cold water, alcohol, and 
ether. The sp. gr. of the greyish-black or greyish-violet crystals, according to 
A. B. du Jassonneix, is 6‘9, and that of boride, according to E. Wedekind, 
is 604 at 19°. The last-named fouifd this boride melts when heated on a 
platinum foil, and there is some oxidation. # According to b Troost and 
P. Hautefeuille, the heat of formation is 2*487 Cals, per gram. E. Wejekind found,, 
that the powder compressed into a block does not conduct electricity, but it is 
strongly magnetic, and possesses considerable permanent magnetism. According 
to L. Troost and P. Hautefeuille, and E. Wedekind, this manganese boride is decom- 
posed by water at 100° ; and in the absence of water it is very stable ; L. Troost and 
P. Hautefeuille said that the boride dissolves readily in acids with the evolution of 
hydrogen, while E. Wedekind said that cone, hydrochloric acid dissolves it only 
when heated, and that aqua regia attacks it slowly, otherwise, dil. ac^ds, including 
acetic acid, dissolve the boride easily. L. Troost and P. Hautefeuille said that 
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hydrogen chloride attacks the borfde slowly at a red heat ; and that alkaline soln. 
dissolve it slowly below 100°. Mercuric chloride quickly converts it ihto manganese 
chloride, boric acid, and hydrochloric acid ; and mercury cyanide attacks it in the 
presence of water. A second compound, manganese monoboride, .MnB, was 
prepared byi A. B. du Jassonneix by reducing manganese oxide with an excess of 
boron in an Electric furnace, and removing the accompanying products by treatment 
of the powdered material at a dflrk red heat with chlorine, following by washing first 
with winter, and then with ^Icohol. E. Wedekind made it by a similar process ; and 
0. P. Watts, by firing a mixture of aluminium, boric oxide, and manganese dioxide 
according to the thermite process. A. B. du Jassonneix said that the crystalline 
powder has a sp gr. of 6 2 at 15°. E. Wedekind found that it is strongly magnetic, 
and possesses considerable permanent magnetism. • According to A. B. du 
Jassonneix, this boride burns in fluorine at the ordinary temp., is attacked by 
chlorine or bromine at a red heat, whilst the action of iodine at a high temp, is only 
superficial ; it forms a fusible borate when heated in oxygen, is not attacked by 
nitrogen ; it slowly decomposes, cold water forming magnetic hydroxide and boric 
acid ; dissolves in dil. 'hydrochloric acid, and is attacked by hydrogen chloride or 
hydrogen fluoride, nitriror sulphuric acid ; by the action of ammonia at 1000 °, a 
compound is obtained which contains nitrogen, is not attacked by acids, and yields 
manganates and borates with evolution of ammonia on fusion with alkali carbonates. 
K. Wedekind found that warm cone, sulphuric acid is reduced to sulphur dioxide, 
and that eonc. nitric acid attacks it at ordinary temp, with the evolution of red fumes. 

H. Moissan 12 prepared iron monoboride, FeB, by the action of the vapour of 
boron chloride in reduced iron at a dull red heat, or by the direct union of iron and 
boron at 12<M) J in an atm. of hydrogen. If the temp, is too high, boron carbide will 
be formed. The product is heated with hydrochloric acid, and the residue washed 
successively with waiter, alcohol, and ether. C. Matignon and R. Trannoy prepared 
a mass of tough prismatic needles of irop boride by heating a mixture of ferric 
oxide, boric oxide, and aluminium in an electric furnace. According to H. Moissan, 
iron boride forms brilliant yellowish-grey crystals, sp. gr. 7 15 at 18°. Iron boride 
does not alter in dry air or oxygen, but in moist air it becomes covered with an 
ochreeus layer. When heated in oxygen, it takes tire, and then burns brilliantly 
without further extraneous heat. In all cases, amorphous iron boride is much more 
readily attacked than the crystalline compound, and since the action of oxygen on 
the bo riders greatly accelerated by the presence of moisture and carbonic anhydride, 
the incandescence sometimes observed during the drying of impure amorphous boron 
may be attributed to the presence of amorphous iron boride. It is attacked 
by chlorine at a red heat, with incandescence, and even more readily by bromine, 
with the formation of a double iron boron bromide, but iodine and hydrogen iodide * 
huve no action even at 1 UK) 0 . Dil. hydrochloric aCid has no action, but the hot cone, 
acid attacks the boride slowly. Pydrofluoric acid also attacks it slowly, whether 
hot or cold. The boride is attacked bv sulphur and phosphorus at high temp. 
Potassium nitrate and potassium chlorate are without action at their m.p., but at 
highe^ temp, attack the boride with incandescence. Fused alkali carbonates and 
hydroxides decomposed it rabidly and completely. Cone, or dil. sulphuric has no 
action in the cold, but the boiling cone, acid converts it into ferrous gulphate with 
evolution^f sulphurous anhydride. Very dil. nitric acid dissolves the boride only 
whei hot, B # ut the cone, acid atTacks it with violence. When grey cast iron con- 
fining about 3*2^>er cent, of carbon is strongly heated in a porcelain boat brasqued 
with boron and contained in a porcelain tube through which a current bf hydrogen 
is passed, the boron displaces the carbon, which is reduced to 0*36-0*14 per cent., 
whilst at the same time the quantity of slag present in the iron is considerably 
reduced because the boron combines readily with the impurities. The residual 
iron contains 8 to 9 per cent, of boron. Similar effects are observed with white 
cast* iron, the carbon in one case being reduced from 3*85 to 0*24 per cent., and the 
sllq} from 0’3l to 0*06 per cent. When cast iron containing 10 per cent, of boron is 
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Jded to 10 times its weight of grey east iron fus?d in a forge, there is still a notable 
Replacement of carbon, and the metal has a lamellar structure, is very hard, and 
esembles white cast iron in appearance. 

A. B. 4^ Jassonneix prepared two other borides by heating mixtures of iron, 
educed by hydrogen, and boron in a stream of hydrogen in a porcelaip tube ; the 
me, iron hemiboride, Fe 2 B, forms steel-grey prisms of sp. gr. 7 ‘37 rft 18°. It is 
ixidized by dry air at a dull red heat, but is readily attacked bv moist air at ordiitary 
e.mp. It is dissolved by cold cone, nitric acid, and by hot dil. nitric aoit^ or hot 
hydrocliloric or sulphuric acid. The other, iron diboride, FeB 2 , contaminated with 
2 per cent, of carbon boride, resembles cast iron, but is slightly yellow, and hard 
enough to scratch quartz. Its sp. gr. is 50 at 18° ; it is oxidized by moist air ; 
and dissolved by hot cone, .hydrochloric or nitric acid, leaving the carbon*boride as 
a residue. 


The thermal diagram q/ the binary system iron and boron has been investigated 
by G. Hannesen, and N. Tschischewsky and A. Herdt,.for mixtures with up to.aboiit 
12 per cent, of boron. The former fbund the solubility of boron in iron to be 
greater than did the latter. Both agree that a compound* iron pentahemiboride, 
Fe 2 Bg, is formed which, according to G. Jiannesen, melts *at 1360°, and, according 
to N. Tschischewsky and A. Herdt, at 
1325°. For the saturated mixed crystals, 

Fig. G, the former obtained 0*25 per 
cent, of boron, the latter 008 per cent. 

The former gives 1105° for the eutectic, 

E, with 4 per cent, of boron, the latter 
give 1130° with 0*3 per cent* of boron. 

According to the former, the mixed 
crystals have a maximum boron content, 

P, of 0 8 per cent., the latter gave* 3 ‘5 per 
cent. ; G, represents mixed crystals of 
iron boride with a-iron containing 0 25 
per cent, of boron, according to the 
former, and 008 per cent, of boron, 
according to the latter. The former 
gave 720° for the decomposition temp., 
the latter gave 760°. The former gave 
1400° for the transformation temp, of 
3-iron into y-iron, the latter gave 1320°. G. Hannesen alone gave a special curve 
for the transformation of y-iron mixed crystals into /8-iron mixed crystals. There 
is also evidence of the hemiboride. N. Farravano and (’. Mazzetti prepared a 
boride by heating iron to 900° iif an atm. of boron trichloride. H. W. Grillet and 
E. Mack studied the effect of boron on steel. 

H. Giebelhausen found that boron readily dissolves in molten nickel. H. Moissan 
prepared nickel boride* NiB, and cobalt boride, CoB, by heating their constituents 
in crucibles, brasqued with boron, in an electric furnace with a current of 300 
amps, and 50 volts, or in a reverberatory furnace fed with gas carbon. The product 
is treated wiiji dil. nitric acid, and the borides are obtained in brilliant prisms which 
are often several nun. long, are magnetic, and about as hard as quart#, fhe sp. gr. 
of the nickel compound is 7 '39 at 18°, and of the c6balt compound 7 ‘25* They are 
attacked by chlorine at a dull red heat, by bromine at a higher temp., and by ’ 
iodine at the softening temp, of glass. They are not affected by dry air or oxygen, 
but alter rapidly in moist air, especially in presence of carbonic anhydride. Fused 
alkali chlotates, nitrates, hydroxides, or carbonates dissolve and decompose them ; 
water vapour at a dull red heat converts them into oxides and boric acid, and acids, 
cone, or dil., attack them with varying degrees of readiness. The nickel and cobalt 
borides are analogous to the iron borides previously described, and may likewise 
be used for introducing boron int*> a metal such as iron. A. B. dfc Jassonneix 
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prepared cobalt hemiboride, Co 2 b! and nickel hemiboride, Ni 2 B, as well as cobalt 
diboride, CoB 2 , and nickel diboride, NiB 2 , by methods similar to those employed 
with the corresponding iron compounds. A. Stock and E. Kuss obtained nickel 
hemiboride by the action of di- and tetra-boron hydrides on a soln. Qf a nickel 
salt. According to A. B. du Jassonncix, the product from cobalt and boron, 
containing about 5 per cent, of the latter, consists of an agglomeration of small, 
elongated, prismatic crystals ; It is only very slowly attacked by hot hydrochloric 
acid, leaving a residue which is still less easily attacked. This consists of the boride 
Co 2 B in the form of small, brilliant, steel-grey needles, with a sp. gr. 7 ‘9 at 20°, 
which are violently attacked by nitric acid and slowly oxidized by moist air. 
The nickel mass, containing 5 per cent, of boron, has a microcrystalline structure, 
and is vfry slowly attacked by hot hydrochloric acid, .but leaves no residue, and 
the compound Ni 2 B is isolated by dissolving the excess of nickel clectrolytically 
in nickel chloride soln. The boride forms small* ver^* slender, yellow, acicular 
crystals, with a sp..gr.’8'0 at 20°, which are violently attacked by nitric acid and 
are slightly oxidized by long exposure to moist air. Borides of cobalt and nickel, 
containing more than 20 per cent, of boron, are more easily prepared in the electric 
furnace. N. Parravano and 0. Mazzetti prepared a nickel boride by heating nickel 
to 900° in an atm. of boron trichloride, 

H. Gicbelhausen studied the f.p. curve of mixture of nickel with up to 20 per cent 
of boron, Fig. 7. The curve has maxima at 1225° and 1160°, corresponding with the 

compounds Ni 2 B and Ni 3 B 2 respectively, the 
latter of which undergoes a transformation 
at 1050°. A compound, NiB, is indicated at 
about 1020° •without giving a maximum. 
The curve then rises rapidly, suggesting a 
maximum at the composition Ni 2 B 3 . Only 
the la^t of those compounds forms solid soln. 
and only the alloys containing free nickel are 
magnetic. The compound Ni 2 B is slightly 
harder than quartz, whilst the compounds 
richer in boron arc somewhat harder, but 
arc scratched by topaz. The borides, FeB 2 , 
CoB 2 , and NiB 2 , represent the superior limit 
of the combination of boron with the respec- 
' Percent" B ” “ tive elements. 

7 ti • . . n H. Y. 0. Descotils 13 fused platinum along 

* io, 7. -I* reozmg-pomt Curve of Mix- . it . . , . , 

turcs of Nickel with up to 20 per Wltil carbon and boric acid, and obtained 

cont. of Korun. what may Imve been a boride or a boro- 

carbide. According to H. Moissan, when 
finely divided boric acid and potassium are heated in a platinum crucible, a con- 
siderable amount of platinum is taken up. F. Wohler and II. St. 0. Dcville obtained 
a silvery-white platinum boride by heating platinum with boron. Cubic crystals 
of sp r gr, 17 32 have been found in the fused mass. The colour of the boride 

resembles platinum, and it can be readily ground to powder. The boride is very 

slowly soluble in aqua regia, and boric acid separates from the soki. Analyses 
by C. A. Martins agree with .the formula I > t 2 B 3 . J. G. Rose reported the presence 
of platinum in borax, but E. tr. Bryant showed that the borax was contami 
‘nafced with an impurity. 
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§ 5. The Hydrides ol Boron or Hydroboron^ 

There is no evidence of the direct union of hydrogen and boron, even at 1500°, 
although the union can be effected by indirect means, and quite a number of boron 
^hydrides have been prepared^ In 1810, H. Davy 1 noticed that when the mass 
obtained in the preparation of boron by the reduction of boric oxide with potassium, 
is treated with water or dil. hydrochloric acid, a gas is obtained which *is mainly 
hydrogen, but it has a disagreeable odour, and burns with a blue flame tinged \rith 
VOL. v. • 0 b • • 
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areen. Hv accordingly assumed that ttfe hydrogen obtained in this way is mixed 
with a small quantity of a compound of hydrogen and boron. E. Wohler and 
H. St. C. Dcvillc (IKW), and H. Moissan (1893) tried in vain to prepare a boron 
hydride by the action of dil. hydrochloric acid on aluminium boride, and by the 
direct union of the elements; and G. Gustavson (1870) likewise failed' to make a 
boride of hydrogen by the action of sodium amalgam on boron trichloride at 150 , 
although silicon hydride can be obtained by the analogous reaction. V. C. Vournasos 
also obtained borurretted hydrogen by heating boric oxide with sodium and sodium 
formats, or with sodium formate alone. H. B. Baker and H. B. Dixon observed 
that boron occludes hydrogen with great tenacity. 

In spite of F. Wohler and II. St. (J. Deville’s failure, F. Jones (18/8), and F. Jones 
and R. ft. Taylor (1881) obtained hydrogen mixed with appreciable quantities of 
what was presumably boron hydride by treating magnesium boride with dil. hydro* 
chloric acid. The result?* were confirmed by I\ Sabatier (1891), who showed that 
although F. Jones and R. L. Taylor s gas contained but snTall traces of boron hydride, 
yet th*e amount sufficed to impart to the gas a disagreeal^smell ; to make the 
hydrogen burn with a green flame ; to make the gas gi ve^^ijpwn precipitate, soluble 
in nitric acid, when bubbjed through an^iy. of silvej ; to give a ring of boron 
when passed through a red-hot tube so tju^^he»^p^gas was free from boron ; 
and to attack mercury, forming a brown supposed boron hydride is 

decomposed by treatment with potash lye, forming ordinary hydrogen with a slight 
increase in volume ; it is also decomposed by a stream of electakjsjiarks ; by a soln. 
of potassium permanganate, etc. C. Winkler also obtained a similar 

W. Ramsay and H. 8. Hatfield (1901) found that F. Jones* gas could be dried • 
by potassium hydroxide or phosphorus pentoxide, and be frozen to a white 
crystalline solid by cooling with liquid air. After removing the gases from the solid 
in vacuo, the crystals were warmed ; they melted and vaporized, giving a gas with a 
f ootid odour and density 19*36, and which burnt in air with a green flame. The 
gas was decomposed by electric sparks, aiftl the* products gave analytical numbers 
in agreement with the formula B 3 H 3 , and it was called triborene. Further attempts 
to make the gas gave another one which, unlike the first, decomposed when treated 
with sulphuric acid, and with potassium hydroxide. The density was 181, and 
W. Ramsay and H, 8. Hatfield therefore concluded that there are two bomem with 
thy formula B 3 H 3 * This has been explained by assuming that there are four different 
gaseous tr^borenes, namely, saturated and unsaturated triborene, and saturated and 
unsaturated cycloborene with torvalent boron : , 

BH BH 

« hbAbh b a b 

• Saturated, Ungat lira teil. 

(’velnhoretie. 

W, Ramsay and H. 8. Hatfield found that, in the preparation of triborene, B 3 H 3 , 
the exit gases consisted of a mixture of hydrogen and boron trihydride. The latter 
was stated to be a colourless gus with an unpleasant and characteristic odour, and 
which, when inhaled, produced sickness and headache. It dissolves in water, and 
the soln. does not change on standing ; it burns with a bright green dame, forming 
boron trid*id* ? ; and it is decomposed into its constituents at a red heat, or by 
•electric sparks. Jt gives a black precipitate with silver nitrate which contains boron 
and silver, and which is decomposed by hot water with the evolution of boron 
hydride. When boron hydride is passed* into ammonia, it acquires a foetid odour, 
and burns with a yellow-green flame ; and the characteristic smell of boron hydride 
reappears if the ammoniacal soln. is acidified ; it unites with ammonia, furnishing a 
product which can be frozen to a white crystalline solid. The gas was not obtained 
pure, but when burnt with hot copper oxide, the analytical data correspond very 
nfurly with ftoron trihydride, BH S . 
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A. Stock and his co-workers have not Wen abfce to establish the existence of any 
' these compounds ; although qualitative evidence makes the existence of one or 
uorc gaseous boron hydrides B m H„ highly probable. In truth, a mixture of gaseous 
loron hydrides can be prepared under these conditions ; but they add that the 
,greement of the analytical figures of \V. Ramsay and H. S. Hatfiejd with the 
ormula B s H a appears rather as a chance coincidence. • 

There is also evidence of the existence of solid 4umm hydrides ; for example, 
3. Reinitzcr (1880) obtained a solid hydride by washing with hot water the mass 
►btained* by fusing boric oxide with potassium under a layer of sodium chloride ; 
!, Winkler (1889), L. Gattermann, and W. Ramsay, and H. S. Hatfield found a solid 
lydride, which the two former believe to be B 8 H, in the residue obtained by treating 
nagnesium boride with boijing hydrochloric acid ; H. Moissan (189.3) olftained u 
solid hydride in the prejiaration of F. Wohler and H. St. (\ Deville's amorphous 
»oron by treating the crude ma^ with distilled water instead of with hydrochloric 
acid ; and R. Lorenz alsotound that boron prepared bv reducing boric acid, with 
sodium or potassium is invariably accotlqianied by a solid hydride. Formula' like 
B 8 H; B 3 , $ H, etc., have been assigned to these products, Imt the evidence is far 
from satisfactory. » ' • 

A. Stock and co-workers have studied the product of the action of acids on 
magnesium boride very closely. They obtained ton J>oron hydrides. Those 
corresponding with the series BH 4 an* called horaues ; thus, monoborane or simply 
borane is BHj ; diborane, B 2 H 0 ; etc. The corresponding univalent radicle 
BH.{ is called monoboryl ; the radich* BO, borovl ; and for the OH derivatives of 
the boranes the termination of is used. Thus, ILH^OH would be (hborauol. They 
found that the best yield of boron hydrides is obtained if magnesium boride be 
dropped, in small portions at a time, inttf sulphuric or hydrochloric acid not too dil. — 
«ay, two, four, or eight times normal between 40' and 50°. The isolation of the 
various hydrides is complicated by the presence of silicon hydrides, and this could not 
well be avoided since it was not found possible to make magnesium entirely free from 
silicon. The gaseous products are washed with water, dried by calcium chloride and 
phosphorus pentoxide, and condensed as far as possible by liquid air. The crude 
condensate is then fractionally condensed or distilled. . 


The apparatus is illustrated in Pig 8. The 4/V-HC1 is pieced in a flutfk A, fitted (i) with 
a condenser F and exit tube H ; (ii) a mercury safety valve (1 ; and (lii) a coil / of haul 
tubing fed with water from the rondenser. The neck of the flask Ii t- 

is fitted with a glass cylinder containing powdered boride to be lo motor 

gradually added to the acid in the flask .4 . The powder is con- ' J , 
tmually agitated by t lie rotation of a metal tube fitted with lugs re | fci 

as shown in the diagram. The tube is joined to u rod which posses £ „ m 

through the mercury seul <’ and is dowly rotated by the pulley I 1 «|i» x?- --- Hydrogen 
connected with a motor. A slow current of hydrogen passes t hrougb J. “ I/t'D 

the tube and side-neck D, down ^ k 

the metal tube through an ~ f * tf n 

1 owning k, and into the flask A. 1 pf \h T¥ H J) $ * D 
The powder falls through the ] • 1 f • $/ff y Y 

opening m at a rate which can IV | Mii li Tji \ X-fTl 

be regulated by the speed of h W L « k t|L 1 

rotation of the central rod. f ' | ifin 

The flow of gae can thus lie I MM ’ : l Jr F I HI lIL 

regulated by tne agitator. The fhj| ' K .u y ^ s 

gas is partially freed from water t | 5 j/" A ;k- A \ 

vapour (i) by the condenser F ; J 0 

then passes (ii) through the rtf ‘'V- 

small wash-bottle containing # r V- 

water so that the bubbles can * 

l>e counted ; thence through 

(iii) a U-tube one half of which B\a. 8,—Stock’s Apparatus for Preparing Boron Hydrides, 
contains calcium chloride and 


the other half phosphorus pentoxide. The gas then passes through (iv) a U-tube receiver fitted 
with stopcocks, and cooled by liquid air ; 100 grma. of boride give about 70 litres of gas, frbm 
which about 95c.c. of the hydride B 4 H I0 ^md 0*02 grm. of the hydride B,H,, caff be obtained# 
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The condensed liquid readily deoojnposea, and it explodes when exposed to the air. The 
receiver is therefore fitted with another system of U-tubes, mercury gauge, and special 
tubes for receiving the particular fractions to be collected. The crude gas is passed through 
a tube cooled by liquid ammonia ( between — 45® and — 35°) whereby white crystals of the solid 
Bj 0 H u are collected ; then through a largo U-tubo cooled by a mixture of acetone and solid 
carbon dioxide (between —82° and —75°) in which a little of the hydride B«H IQ> some silicon 
hydride, and*much of the hydride B„H J2 , is condensed ; and finally the main bulk of the gas 
is condensedVith liquid air. 'Hie liquid can be freed from silicon hydride, carbon dioxide, 
phfisphine, and hydrogen sulphide by reducing the press, to a few millimetres while the 
temp, is kept at about ~ 80®. The liquid is then warmed to about 20° under a press, below 
3 mm. Vhon the more volatile hydride, B 4 H 10 , comes off. This hydride is renioved by 
distilling the residue at —40° under a press, of about 15 mm., and the temp, is raised to 0® 
under a press, of 0 to 10 mm. The residue furnishes the docahydride B a H 14 when distilled, 
while the press, falls to 5 mm. 

• 

No diborane , B 2 H 6 , was found in the crude gas ; tfnd the production of mmo- 
borane, BH 4 , or triborana, B 3 H 8 , could not be estabjished. As just indicated, tetra- 
boron’ docahydride, B 4 H 10f or borobutane, is i, so la ted#’ from the products of the 
actiofi of an acid oh magnesium boride. JtJiH a colourless liquid gas with a disagree- 
able smell. A few bubbles of the gas affect the respiration, and produce a headache. 
The compound is rather unstable and begins to decompose at the room temp, in a 
few hours, forming other boron hydrides. The vap. press, of the liquid at 6 ° is 
f)80 mm. ; at 10°, 630 mm. ; at 15°, 710 mm. ; at 16°, 740 mm, ; and it boils 
between 16° and 17° (760 mm.). The solid melts at about —112°. This compound 
is rapidly decomposed when heated at 100 °, forming three solid hydrides, and at a 
higher temp, it is resolved into its elements B 4 H 10 =4B-K>H 2 . Even at ordinary 
temp, the purified gas decomposes fairly quickly into hydrogen, diborane, and less 
volatile hydrides. It inflames spontaneously when exposed to air or oxygen. 
Vapour density determinations and analyses of the gas agree with the formula 
B 4 Hi 0 . This is also consistent with the products of the action of the gas on 
alkali-lye, or on water or dil. hydrochloric acid. This reaction can be symbolized : 
B 4 Hio+l^HiiO~4B(OH) 3 -l-llH 2 . Cone* nitrjj* acid causes explosion, potassium 
permanganate soln. is rapidly reduced ; and gaseous ammonia gives a brown solid 
insoluble in water and possibly diamminoborobutane, B 4 H 10 .2NH 3 . Assuming 
that boron is quadrivalent, the constitution of this compound can be repre- 
sented Bir 3 .BlU.BH 0 .BH 3 -thus recalling the hydrocarbon butane, C 4 H 10 , or 
(^ 3 .CH 2 .CH 2 .CH 3 . 

Small # quantities of pentaboron enneahydride, B 5 H 0 , are present in the higher 
boiling fractions of the crude condensate, but its isolation from this source is extremely 
difficult, and it is more readily obtained from tlTo products of the decomposition of 
■ tetrabwane at 100 °. It is a colourless, mobile, not highly refractive liquid with 
an ex^mely unpleasant odour ; it is the noxious component of the crude 
boron aydrides. It is slowly decomposed by vfater, but othe/wise fairly stable. 
A. Stock and eo-workers also isolated hexaboron decahydride, B 6 H 10 , from the 
crude condensate, as a colourless, moderately highly refractive liquid which is 
less mobilo and not so unpleasant in odour as the other boron hydrides. It 
decomposes slowly when preserved in daylight at the atm. temp., giving small 
quafttities of hydrogen and diborane and mainly a yellow crystalline solid, 
possibly hexacosiboron hexatriacontihydride, B 26 H 36 . 

The action of dil, acid on magnesium boride, as indicated above ,*furnishes a gas 
whose a 1 i#ly$is and vapour density agree with the formula for hexaboron dodeca- 
hy&ride, or horohexylene» but the data are not sufficiently accurate to 

decide definitely the exact amount of hydrogen. This hydride is a colourless 
highly refracting liquid with an unpleasant odour, and is spontaneously inflammable 
in air. The vap. press, of the liquid at —40° is about 1 mm. ; at 0 °, 10 mm. ; at 
10 °, 15 mm, ; and at 24°, 25 mm. The liquid boils at about 100 ° (760 mm.). Hexa- 
boron hydride readily decomposes, it becomes yellow in a short time, and finally 
deposits a solid. It is more resistant towards water and moisture than the tetra- 
Jioron hydiide. In contact with alkali-lye, hexaboron hydride gives off hydrogen, 
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*=rSsr«iSu 

lublimcs in vacuo, and the same aohd rf formed by h< atmg ^e wr ^ > 

' B 4 H 10 , and it probably haa the compoaitum B, 0 H U . Ana^*« * co g nfirmed by the 
density determinations agree with the orm * #. q . and the action 

of water : B 2 H 6 +bH2U-jn 3 r>u3^ 2 thus resembling the hydrocarbon 

this compound may bo »« « J H3B h ^ Uian tl tetraboron 

iSiSilSiis 

chlorine at ordinary temp. ; bromine reacts slow ly in ig >■. l,alogen gives 

at 100°. The hydrogen .8 replaced by the halogen A « «» of Mlog ^ 

SS&JS. tct'S'S; C&TiSiM 

rearranged themselves to form B 2 H5Br an 3 , « ti r> r ; tse if decomposes 

and their haloid substitution products appear to be sat. , ' t \ boron 

of the assumption that the maximum negative valency of f b iron 1 1. f • ™JJu 
monobromohydride, B 2 H 6 Br, is a colourless fuming gas w h an 
The vap. press, of the liquid at -80“ is 3 mm. ; at -40 , M » ; ' " it , Inl- 
and it boils at about 10“ (760 mm.). It burns with a pale gr < n Haim • * 

bromide reacts with water as symbolized: B 2 H f Br+3lf ? 0- K 2 VHH« r t J 
Like the hydrides B 2 H 0 , it also reacts with alkalidye for^ig hypotorabSjTu 
does not react appreciably with sodium. The analogous dlboton monoemoronyonue, 
B 2 HA is more volatile and less stable than the. bromo-denvative , it >» a 
spontaneously inflammable gas. i -r W for 48 brs. at • 

A mixture of three solid hydrides is m b brn A longer heating 

115° to 120°, or the tetraboron hydride at 100 for 4 or j nrs. 8 . 

carbon disulphide, and it can therefore be separate , r i • water and 

solid which* soluble. This yellow non-volat.le solid >s.i»o lubkm w< iter and 
probably contains about 4 atom* of hydrogen to 6 of boron W " 
heated it gives a number of boron hydrides poor in hydroge , 
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further studied. The colourless non-volatile hydride is soluble in carbon disulphide, 
stable in water, and forms a yellow soln. with soda-lye. It probably contains 12 
atoms of boron in the mol. It decomposes when heated, forming a liquid hydride, 

, The mol. wt. of the volatile solid in benzene soln. agrees with the formula B 10 H U . 
Deeaboron V'tradecahydride is a colourless solid with a penetrating odour. When 
headed in vueuo it forms long colourless needle-like crystals, of sp. gr. 0’94, which 
melt sharply to a clear liquid at 99 '.V ; . It is soluble in carbon disulphide, alcohol, 
ether, tfncl benzene, but is not attacked by water, for it floats in a molten (condition 
on boiling water at KMC Oil. soda-lye dissolves the solid hydride, forming a solid 
soln. It is reduced by potassium permanganate, and is slightly attacked by nitric 
acid. The fused mass begins to decompose at 200', forming yellow products. The 
▼ap. does not decompose to any appreciable extent in & short time at 400°, but at 
IJOO 6 it decomposes into its elements boron and hydrogen. Bromine and chlorine 
react sluggishly with the solid deeaboron hydride, B I0 tf 14 , not additively, for the 
hydrogen is replaced by the halogen. Whan the solid hydride is allowed to stand 
in contact with an excels of bromine for about six months, the produet, on evapora- 
tion, furnishes a residue with a composition ranging between B J0 H 12 Br 2 and 
BjoHjiBrjj, and the separated individuals were isolated by fractional crystallization 
from a mixture of ben^iie and light petroleum. The alkaline soln. ot these bromo- 
derivatives, when acidified, yields tetruboron decahydride, B 4 H J0 . Both the acidic 
and alkaline soln. reduced potassium permanganate ; the former gradually evolves 
tetra boron and other hydrides which have not been identified. 

The di- and tetruboron hydrides, B 2 1 I„uik 1 B 4 H )0 , dissolve in sodium hydroxide, 
forming soln. which contain liypoborutes, and whicji gradually decompose, forming 
borates. A. Stock and E. Kush (1914) conoludc that the first stage of the reaction 
is in accord with the equation : B 4 H, () f INaOH II., [ INaOBIf j ; and the second 
stage B 4 H 10 | INaOH f MU) tSnlUh | Mil,. The last -named reaction occurs 
rapidly when the soln. is warmed. Pota*sium.‘hypoborate, K()BH :r , was obtained 
in octahedral, colourless, deliquescent ervstals by treating a soln. of potassium 
hydroxide with an excess of tot ra boron hydride at () . in the presence of moisture, 
the liypoborutes decompose at room temp, in accord with the equation : 2K0B1I. } 
^f2HgO 2KBO., \ bll.j. The liypoborutes are strong reducing agents, stronger 
indeed than hvpoflhosphitesand give pieeipitates with most salts, but insoluble hypo- 
borates have not yet been prepared With copper salts, copper hydride js formed, 
and with nickel salts an insoluble black nickel boride, N*i JJ. Potassium iiypo borate 
dissolves in alcohol with partial decomposition.' At .W , it partially decomposes 
•into potassium, Jivdrogen, water, etc.: loKOBIl, 2K 3 B : ,0 3 4 1K{ 4H.,0-{ 1 1H.,. 

I he resulting KjjllgOy is hygroscopic The aq. # soln. has an alkaline reaction; 
slowly decolorizes potassium permanganate ; and gives a yellowish-brown colora- 
tion to warm nitric acid With sulphuric acid, it gives hydrogen and boron hydrides. 
The a(j. soln. obtained by treating magnesium boride with water has properties 
similar to that of a soln of K 3 B f) 0 3 . Sodium hypoborate resembles the potassium 
salt ; magnesium hypoborate could not be isolated from soln. The failure 
to obtain a boron hydride with a single boron atom, analogous with the boron 
trihalides, and with the boron alkyls, B(CH 3 ) 3 , etc., is significant. Triphenylmethyl, 
been reported, hut no carbon trihydride (\H 3 is known, hence, the fact 
that B(CH*) 3 Is known does 1iot> definitely prove that BH 3 can likewise exist. The 
• failure may* be ctye to our ignorance of the right conditions for its preparation, or 
because BH 3 is so very unstable that if it were momentarily formed, it would 
immediately polymerize to B 2 H 6 , just as E. Frankland (1802) found that boron 
ethyl above 149° has a vapour density in agreement with the formula B(C 2 H 5 ) 8 , but 
below 10J ’6°, there are signs of a polymerization to B 2 (C 2 H fi ) 6 . 

A. Stork emphasized the peculiarities shown by the boron hydrides in furnishing 
formula? which are not explained bv simple and constant valencies; the great 
trinity of boron for oxygen which is shown by the ready decomposition of the 
hydrides by water ; tho r inclination of the molecules to polymerize to form hydrides 
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of high mol. wt., and non-volatile oxides and nitrides ; and the instability of com- 
pounds containing positive and negative radicles— c.</. the compound B 2 H fi Cl 
decomposes into a hydride and a chloride. A. Stock considered that in B 2 H 6 , 
B 4 H 10 , B 8 H 12 , B 10 H 14 the boron is quadrivalent. M. L. Maurice assumed that 
the double-bonded atoms of boron have a greater tendency to form md maintain 
complexes than carbon atoms, and that the residual affinity of this double-boiyi is 
strong enough to hold hydrogen atoms, but is incapable of holding larger atomic 
nuclei. , He then proposed a structural formula for B 2 1I 8 analogous to ethylene ; 
one for B 4 H 10 analogous to butylene ; one for B 6 Hi 2 analogous to benzene ; and 
one for B 10 H 14 analogous to naphthalene. 
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§ 6. Bbron Oxides 

The behaviour of boron towards oxygen has already been discussed. (\ Winkler 1 
believed that only one oxide is foriped, namely, boion trioxide, B 2 0 3 . The evidence 
in favour of the existence of a boron suboxide, previously discussed, is not satisfactory. 
A. Stock and E. Kuss prepared a class of salts which they call In/poboratcs rde 
boron hydrides. M. W. Travers and co-workers believe that they have established 
the independent existence of a tetraboron trioxide, B 4 () 3 ; of acidic diboron thoxide, 
B 2 0 2 ; and of tetraboron pent oxide , B 4 () & ; in addition to the culinary boric oxide , 
B 2 () 3 , but the products they obtained were very impure. 

Boron dioxide, B 2 () 2 , has not been isolated in a pure state. It wuV prepared 
by decomposing crude magnesiuib boride with cold water and the soln. evaporated 
to dryness in vacuo and heating. The residue is a mixture of dioxide with the mag- 
nesium salt magnesium borite, Mg().2B 2 0 2 , or MgB 4 0 r> . Boron dioxide is obtained 
free from magnesium borite, but contaminated with about 5 per cent, of a lower 
oxide, B 4 0 3 .2H 2 0, by treating the aq. soln. of magnesium boride with ammonia, 
and evaporating the filtered soln. The product is soluble in water, and the aq. soln. 
is oxidized to boric oxide, by evaporating it in air, or by heating it with nitric acid, 
but is not oxidized by iodine. The lowering of the f.p. of aq. soln. corresponds with 
the formula B 2 0 2 . The oxide seems to combine with water to form an acid, •which 
dissolves freshly precipitated magnesium hydroxide to form magnesium borite. 
Attempts to tnake ammonium borite were not satisfactory. 

As already indicated, an impure dihydrated tetraboron trioxifte, ^B 4 0 3 .2H 2 0, 
has been obtained from the product of the action of water on magnesium bolide ^ 
it is soluble in nitric acid with the formation of boric acid. Wfien dried at 100°, 
analyses correspond with the formula just indicated. When magnesium diboro- 
hexahydroxide, Mg 3 B 2 (OH) 0 , is treated with cone, ammonia for several days in an 
atm. of hydrogen, filtered, evaporated to dryness in vacuo, and heated, a pale 
brown tetraboron pentoxide, B 4 0 5 , is formed. 

?v>B~B^O 
•q>B= B«*0 
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It docs not fuse at the softening temp, of Jena glass. If allowed to stand in contact 
with water in vacuo, a yellow soln.is obtained, which oxidizes rapidly in air, forming a 
floeculent yellow residue containing tetra boron trioxide : 3B 4 054^H 2 0==B 4 C)3.2H20 
f4B 2 O a . * 

M. W. Tmvers and co-workers showed that when crude magnesium boride is 
treated with water magnesium diborohexahydroxide, Mg 3 B 2 (OH) 6 , is formed: 
MggBjt i GH a O -3H 2 f Mg»B 2 (f)H) 6 , which remains as a white insoluble 
powder. " It appears to la* a derivative of HflB 2 (OH) 6 , and, by analogy with the 
carbohydrates, is regarded as one member of a series of borohydrates. 
When treated with com*, ammonia in an atm. of hydrogen, it is assumed 
that the •soluble product of the reaction is a di^mmonium derivative of 
BH2fOH)2.BH(OH).BH(OIlyBH Ji (OH)jj ; and that when this product is acidified 
it loses four atoms of hydrogen, and forms BH(DH)^B(OH).B(OH).BH(OH) 2 , 
which Joses more . hydrogen when treated with iodine, forming two mols 
of hydrogen iodine and B(OH) 2 .B(OH).B(OH).B(OH) 2 . When the ammoniaeal 
soln. is evaporated in* vacuo, and heated, tetraboron pentoxide is formed : 

BII 2 (OH) 2 .BH(()H).BH((JtH).BI|.,(OH) 2 =&H 2 +H 2 0H-B 4 0 6 . 

Ihe soln. obtained by the action of water on magnesium boride is yellow because 
it contains colloidal bor#n ■ it decomposes slowly at ordinary temp, with the evolu- 
tion of hydrogen, and the decomposition is accelerated if platinum black be present ; 
it precipitates silver and mercury from their salts ; it precipitates amorphous boron 
or copper hydride from copper salts ; and when acidified, it gives oil hydrogen with 
brisk effervescence and the liquid so obtained decolorizes iodine. The soln. is 
supposed to contain a very small proportion of borohydrates or allied compounds 
which are produced by unknown side reactions in the action of water on magnesium 
boride. b 

M. W. I ravers and co-workers assume that the soln. contains two compounds 
with (juimpvulent boron, and with the formula- lf«lU) 2 and H fl B 2 0 ; ,Mg ; and that 
the latter is a magnesium derivative of H a B;d V The graphic formula 1 are based on 
the assumption that the evolution of hydrogen is due to the elimination of pairs of 
hydrogen atoms attached directly to atoms of boron : 


H, 


B -OH 
B OH 


H -B. (OH), 
h n h. 


When treated with acids, these compounds furnisli.respectivelv 


h 2 hoh boh ... 

HjjBOH H.OH ~ H * 


umni), b(oii) 3jh 

HBH, BH, 1 


The compound H().B:K.()ll has a structure analogous with that of hypomUous acid. 

Inc two products arc oxidized bv iodine to boron dioxide B.,().» * 

• ’ » *■ * 


B.OH 

B.OH 


B : O 
it. O 


2HI 


R(()H) a 1 - >l * !!.•() ;4H1 ! H *° 


When tin' win. iilituiiii'il liy thi' action of water on magnesium liorido is treated 
with ammonia, map. ninm hydroxide in- precipitated. When the .magnesium 
lwrohydr^p, %H 9 B 2 O s , or possibly MkH 4 B 2 0 2 .H 2 0. is treated with ammonia, 
the i^w product, when acidified, gives twice as much hydrogen as before. It is 
flammed that intramolecular change occurs as an intermediate stage of the reaction : 


HB(OH), 

hbh 8 


H.B(OH), 

H s BH(OH) 


B(OH). 4 

BH(OH) 


.4 2H , 


The product is oxidized by iodine to boron dioxide, B 2 0 2 ; 

O.B 4 B.O 


t.c. 0 : B.B : 0, or 


P. C. Iiay isolated potissium borohydrate, (KO) 2 B 2 H 4 , from the soln. obtained 
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by the action- of water on magnesium boride. It iB also formed when mag- 
nesium boride is treated with a dil. soln. of potassium hydroxide. Conductivity 
determinations show that it is the salt of a dibasic acid. The action of iodine oil 
acidified scdn. is represented: H 4 B 2 (0K) 2 +2H :! S0 4 -2KHS0 1 +2H 1! .+B s (0H)- 1! ; 
and B 2 (OH) 2 -f I 2 — B 2 0 2 +2HI. The constitution of the salt is represented by 


H a : B.OH 
H a : B.OH 


H a : B.OH 
H, : B.OH 


according as boron is quinque- or quadri- valent. The salt is fairly stable in the 
absence of moisture and carbon dioxide ; it is a powerful reducing agent ; and is 
highly soluble in water. The salt loses four atoms of hydrogen when tretfted with 
an acid, forming diboron dihydroxide, HO.B : B.OH. 
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§ 7. Boron Trioxide, Boric Oxide, or Boric Anhydride 

Boric oxide is formed when If. Moissans boron is heated in air or oxygen, or in 
nitric oxide ; the same oxide is formeef in the combustion of boron hydride ; and 
when boron is employed as a reducing agent with the dioxides of carbon, silicon, 
titanium, or zirconium. H. Henstock discussed its electronic structure. 

The usual method of making boton trioxide is to melt boric acid in a platinum 
or Hessian crucible until all is tranquil, showing that the water has been 
expelled. The molten mass is poured on to a cold slab. The resulting boron 
trioxide, called lifreous or glassy boric acid , is preserved in well-stoppered bottles. 
A. Atterberg 1 and others have also described its preparation, by heating the 
hydrate. According to I*. G. Robiquet, the product still retains 0 225 per cent, of 
water, which he said can be removed only by ignition with cupric oxide. R. Lorenz 
also made observations on the rapidity with which water is absorbed by boric oxide. 
If one portion of the dear glass is rapidly powdered in a hot mortar, and the powder 
is immediately heated in a small dried test-tube, it melts with bubbles under 
conditions where a piece, not powdered melts without bubbling. This does not 
necessarily prove, as R. Lorenz supposes, that water is so rapidly imbibed by tin; 
powder, but rather, in melting, a skin is formed over the surface of the powder 
before the air entangled in the powder has escaped. R. Lorenz added that the 
fused oxide is so strongly hygroscopic that it can take up 1*9 per cent, of water 
during one minute’s trituration in a hot mortar. f 

Boric oxide so formed is a colourless, transparent glass which is hard and brittle. 
H. Davy 2 saidjthat it has no smell, and that it lias a slightly bitter, not an acid ta«te. 
The specific gravity of boric oxide was given by A. Rqyer and J. B. A- D,uinas as 
1*83 at 4° in vacuo ; G. Quincke gave 183 at 0° and 1 *75 at 1*300° ; P? A. Fayre 
and C. A. Valson gave 1*825 at 216° ; A. Ditte gave 1*8766 at 0° f 1*8476 at 12° ; 
and 1*6988 ai ’80° ; P. P. Bedson and W. C. Williams gave 1*848 at 14*4°, and 1*853 
at 15*8°. K. Arndt and A. Gessler found the sp. gr. at 900° to be 1*520 ; at 1000°, 
1*508 ; and at 1100°, 1 *495. V. de Luynes said the hardness of the glass is great ; 
it scratches glass and is scarcely affected by quartz. K. Arndt found the viscosity 
of boric oxide to be 118*0 at 900° and 40*0 at 1100° (water at 20° =0*01). G. Quincke 
stated that its surface tension in air at 1700° is 847 dynes per cm., and its specific 
OOheafollisa 8 — 9*865sq. mm. <* ‘ * 

According to A. Ditte, the coeff. of thermal expansiCfl is 0*001308 between 
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12° and 80°. G. Quincke gave 1300° for the melting point, and T. Qarnelley gave 
577° approximately. The truth is that the glass has no m.p. ; it is a congealed 
liquid which haH never solidified, but has become as viscid that it appears even 
harder than many crystalline compounds — vide 1. 9, 6. The hardness of the glass 
can be readjly augmented by quick cooling ; and if the molten glass be poured 
on a cold metal plate, the lower face contracts faster than the upper face, which 

is more slowly cooled. In consequence, the plate is bent and it finally shivers 

into fragments. According to J. B. A. Dumas, when the molten oxide i & cooled 
in a platinum crucible it cracks spontaneously and glows along the cracks with 

a light which is visible even in daylight. C. L. Bloxam said that boric oxide 

is slightlf volatile at a bright red heat ; F. Wohler and H. St. C. Deville, that 
it volatilizes at the m.p. of nickel, or, according to J. 3. Ebelmen, at the highest 
temp, of a porcelain oven ; and H. Moissan found that it readily volatilizes in the 
electric' furnace. W. R. Mott gave 1500° for the boiling point of boric oxide at 
7fH) miii, H. von Wartenberg and (). Bossejound that at 1501° and 138 mm. boric 
oxide did not boil, and, that the molten mass had the viscosity of olive oil ; they 
could not measure the vapour pressure of boric oxide at 1536°-1546°. The 
Specific beat was found by H. V. Regnault to be 0*2574 between 16° and 98°. 
M. Berthelot gave for jdie heat ol formation, B -f- J 0 3 B 2 0 ;J -f 156,300 cals., and 

L. Troost and I\ Hautefetiille gave 317*2 Cals, for the mol. heat of formation. The 
former also gave for the heat of hydration, B 2 0 3 f-3H 2 0+4(X)H 2 0 at 13*5° 
— “9*62 Cals. P. A. Favre and C. A. Valson gave 122*731 Cals, per eq. of B 2 0 3 . 

According to V. de Luynes, molten boric oxide acts strongly on polarized light, 
P. P. Bed so n and W. C. Williams found that a prism of boric acid with the ZMine 
had an index of refraction 1*46303 and sp. gr. 1*848 at 14*4°; and another at 
15*8° had an index of refraction 1*46427 and sp. gr. 1*853. The index of re- 
fraction of soln. of sp. gr. 1*0111 at 20' with 1*93 per cent, of B 2 0 3 was 1*(K)96 
at 20° with a 1*68 per cent soln. According to K. Tiede and (‘o-workers, if 
boric acid is dehydrated either in the air or in a vacuum over phosphoric oxide, 
either slowly at 300° or quickly at red heat, it exhibits a phosphorescence, the 
intensity of which roaches a maximum with a certain, minute proportion of water 
still present, hut disappears as full dehydration is attained. The exceptionally 
bright light emitted does not continue for long, and may be excited by an arc or 
mercury lamp, but not by cathode X-rays, radium raya, or by heat. E. Tiede and 
P. Wulfl found that the phosphoresce nee of partly dehydrated boric acid originates 
from traces of organic compounds, and is removable, not by recrystallization, ignition 
•in a stream of oxygen, boiling with nitric acid, or fusion with potassium nitrate, but 
hy boiling with fuming nitric acid for twenty-four hours, subsequently recrystallizing 
three times from water specially purified, and finally igniting the upper portion of 
the filtered mass (which had not been in contact with filter-paper) in a platinum 
crucible, Phosphoio.v '*nce would* not be induced in such a product by any means 
other than by introduction of organic impurities. For this purpose, even those 
present in ordinary distilled water suffice. It is presumed that the phosphorescence 
emaifhtes from definite organic derivatives of boric acid. Boric acid phosphorescent 
compounds were studied by. R. Tomaschek. E. H. Nichols and D. T. Wilber 
found boric oxide showed a dim flame luminescence. • 

Accoitlyig*t<> H. Davy. Moist boric acid conducts electricity ; but, according to 
• M. Faraday, the, acid, fused in the oxy-hydrogen blowpipe, “ gained no conducting 
powers sufficient to affect the galvanometer, and it underwent no apparent voltaic 
decomposition *' ; A. Connell also confirmed this observation. M. Lapschin and 

M, Tichanowitech also found that molten boric oxide did not conduct a current at 
950 volte ; and W. Hatnpe, and L. Bleekrode also classed boric oxide acid as a bad 
conductor. H. Moissan said that the presence of 20 per cent, of borax makes the 
acid a conductor. G. Meslin found that boric oxide is diamagnetic. 

# * E. Dav)* and J. L. Gay Lussac and L. J. # Thenard made rough analyses of 
boric oxide. J. J. Ijerzelius’ analyses were originally interpreted on the 
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assumption that the at. wt. of boron corresponded with the oxide BOo (oxygen 8), 
later, the at. wt. was halved, and J. J. Berzelius, A. Payen, and E. Soubeiran wrote 
the formula B0 3 ; ‘when the at. wt. of oxygen was doubled, this became BoO^ 
The tribasicity of ordinary boric acid , orthoboric acid, has been established by the 
formation of the esters trimethvlborate, B(OCH 3 ) 3 , and triethylboratoj B(OC 2 H f ,) 3 , 
by J. J. Ebeltnen and M. Bouquet; of met.h)ildifluoborate, BF 2 (OCH 3 ),«and 
ethoxydifluoborate, BF 2 (OC 2 H 5 ) by V. Gasselin ; and of a number of metal borates 
by J. J. Ebelmen, L. Ouvrard, etc. M. Prokolielf also emphasized the ‘analogy 
between the formula of boric acid and of the methyl esters. 0. Hehner supposed 
boric acid to be constituted H 4 B 4 0 8 .H 2 0. E. Beckmann found the mol. wt. of boric 
oxide in boiling sulphuric acid to correspond with the value calculated for*B 2 0 3 . 

According to J. E. Myers, when boron trioxide is placed in water, even if it be 
in a finely ground condition, it*does not dissolve immediately. After the trioxide 
has been in contact withVater for a minute or two, a reaction takes place quite 
suddenly, and is marked by a notable change in the vol. of the solid. The solid 
produced dissolves fairly quickly in water. The phenomenon is best observed by 
exposing the substance to a moist atm. when there is-a gradual and easily observed 
change from the hard glassy material to a light powdery substance. The boron 
trioxide is hydrated to metaborie acid, HB0 2 , and orthoboric acid, H 3 B() 3 . 
J. E. Myers studied the velocity of hydration of boron trioxide, and found the reaction 
occurs in at least two stages, the first yielding metaborie acid and on further hydra- 
tion orthoboric acid. The hydiation to metaborie acid is a unimoleeular reaction 
and much faster than the further reaction. The dehydration of orthoboric acid 
at 100° is a unimoleeular reaction resulting in the formation of metaborie acid. 
At a higher temp, the reaction becomes more complicated, probably on account 
of the formation of mol. complexes of metaborie acid. According to A. Dittc, 
during the dissolution of boric oxide in water, so much heat is evolved that the 
temp, can be raised to the b.p., ;md P.*A. Favre and (\ A. Valson found that tin* 
dissolution is attended by a contraction of 10 2 c.c. per eq. B 2 0 3 . The aq. soln. 
colours litmus a faint red, and in the presence of mineral acids, turmeric paper 
becomes reddish-brown ; if the dried paper is dipped in a dil. soln. of potassium 
hydroxide, K. Kraut showed that a blue colour is developed. According to 
L Kahlenberg and 0. Schreiner, boric oxide, B 2 0 3 , immediately forms boric a<^id, 
HyBOjj, when dissolved in jvater, but 0. Hehner thinks that the behaviour of the 
aq. soln. towards turmeric shows that it dissolves as B 2 0 3 and not as H 3 B0 3 , 
because the aq. soln. colours turmeric paper a pale rose colour, but the colour 
becomes intense if a trace of mineral acid is present, and turmeric paper sat: 
with a soln. of boric acid becomeg red on exposure to air. 

Boric oxide was found by H. Moissan 3 to react at ordinary temp, with fluorine 
very energetically and with une vice incandescence de bn Hi a ntes et implies, forming 
boron fluoride and oxygen. L. Gmelin found* that while bromine and chlorine 
do not act on heated boric oxide, if the latter be mixed with carbon, the corre- 
sponding boron halide and carbon monoxide are formed. J. Inglis obtained an 
analogous result with iodine. J. J. Berzelius found that hydrofluoric acid cofiverts 
boric oxide into the fluoride ; G. Gore $lso obtained a similar result with liquid 
hydrogen fludride, but not with liquid hydrogen chloride. .J. Niekl&s studied the 
action of hydrogen bromide and of hydrogen chloride on an alcohol srdfi. of boric 
oxide. According to H. St. ('. Deville and H. Caron, when boric oxide Cheated with" 
metal fluorides, boron fluoride and crystals of the oxide are formed. When boric 
oxide mixed with silica-free calcium fluoride, with or without sulphuric, acid, 
is heated to whiteness, J. L. Gay Lussac and L, J. Thenard observed the formation 
of boron fluoride and caleiuih borate. The reaction has also been studied by 
J. Davy, G. Ferrari, and S. G. Rawson. L. Ouvrard studied the action of the oxides 
of calcium, strontium, barium, magnesium, zinc, cadmium, manganese, and nickel 
on a mixture of boron oxide and ppt&Sftium hydrofluoride. J. L. Gefy Lussac awl 
L. J. Th6nard said that chlorides do not decompose boric oxide at a white heat, 
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but H. le Chatclier obtained calcium chforolx>rute, 3 C«O.Bj<^|.C»L 1 j> bf 
calcium oxide and boric oxide to molten calcium chloride , an4 • decom- 

observations on this subject. A. J. Balard found that boric oxi e , romide 

I Jose potassium bromide at a red heat, but if moisture be present, y j? > • 
and potassiutn borate are formed. L. Ouvrard made needle-like c *y® °bromide. 
brorflolwrate , 3Ca().6B 2 0 3 .('aBr i r, by melting boric oxide with cal . •* j r 

H. Schulze found boric oxide to be without action on potassium iodide, buMtair 
be present, 0. V. Schonbein found that the iodide is decomposed at its m.p. 
L. Ouvrard did not succeed in making calcium u Morale analogous W1 * 
corresponding chloro- and bromo-salts, by melting boric oxide with calcium 1 • 

According to J. F. A. Gottling, when a mixture oi sulphur with boric oxi c 
burns, the flume is tinted green. According to L. Omelin, and Fj. hremy, CUrDO 
disulphide attacks a heated mixture of boric oxide an;l carbon, forming carbon 
monoxide and boson 'sulphide*. If. Prinz found that sulphur monochloridc, 
SgCly, in without action on boric oxide. H. I*. d’Arcv observed no signs of a reaction 
with sulphur trioxide/hut A. Pictet and G. Karl said that two compounds are 
formed, fl 2 0 3 ,H0 3 and lk>O 3 .2$0 ;1 . According to L. Gmclin, H. Schiff, and G. Merz, 
boric oxide dissolves copiously in sulphuric acid, especially at an elevated temp., 
and furnishes a viscid inns* from w hich water precipitates boric oxide. J. J. Berzelius 
found that selenium dioxide in expelled from selenites when they are heated with 
boric oxide. 


When boric oxide is heated in a .stream of ammonia, L Moser and W. Eidnmnn 
found that boron nitiide, BN, is formed: B.d), j-2NH ;J ' 2BN-|dlLO; likewise 
also, according to 11. Rose, with a mixture 1 of boric oxide and ammonium chloride. 
L. Omelin found that red-hot lmrium bo nit e is -not attacked by the vapour of 
phosphorus, G (liistavson found that no action occurs when boric oxide is heated 
for two weeks at 2U)° with phosphorus trichloride ; while boron oxychloride and 
boron trichloride arc formed with phospnorusf pentachloride ; and the double 
chloride, P()('1 ;J .BCI 3 . is formed if phosphoryl chloride, PO(’|. { , is used; with 
phosphorus pentabromide, boron tribromide is formed with difficulty; while 
phosphorus tetraiodide, P.J4, and phosphorus triiodide, Pl ;{ . have no action. 

According to \ 4 , Omelin, carbon at a white heat has no action on boric oxide. 
K. STiede and E. Birubrauer found that a carbide 13 formed which sublimes 111 threads. 


The reduction occurs at 2400°. if. Quantin found a mixture of carbon monoxide 
and chlorine does not attack boron oxide ; and II. Quantin, K. Demareay, 
P. Cambuu lives, and L. Meyer and R. Wilkins found carbon tetrachloride lias no 
action. W. H. Balmain showed that when calcined with potassium cyanide, boric 
oxide is converted into the nitride ; and M. Darmstadt obtained a similar product 
with urea. The uflinitv of boric oxide or boric mid for the bases is but little greater 
than that of carbonic oxide, or carbonic acid ; but when heated, L. (Jmelin showed 
that it expels all acids more volatile than itself ; thus. N. Tate showed that it expels 
the arid from carbonates, nitrates, and ill part from the sulphates. The gas is 
expend from the carbonates when they are heated with boric oxide, and the 
product behaves as a mixture of boric and metal oxides, as shown by (\ H. Burgess 
and A. Holt. L. Ouvrard, etc. H. Schiff found that when boric oxide i^warmed with 
absolute $lCOhol, some pusses into soln., forming in a sealed tube at 120°, boric 
acid, HjjBO-j, and triethyl bo rule, B(0(.\»H 5 )3, a reaction previously studied by 
V. J. Kbelmen arid M. Bouquet. V. 0. Vournasos reduced boric oxide to boron 
by heating it with sodium formate. P. Sehutzenberger found that boiling acetic 
anhydride dissolves a large proportion of boric oxide ; the reaction was also 
studied by A. Pictet and A. Gelexnoff. A. Wohl andjD. Neuberg, and G. Lockeman 
and 0. Lie sc he investigated the action of boric oxide on glycerol. 

J. L. Gay Lussac and L. J. Thcnard found that a heated mixture of potassium and 
boric oxide decomposes with incandescence; sodium acts similarly without incan- 
descence. A.*Stock and W. Holle found that redaction likewise occurs with calcium, 
jbut calcium boride, CaB e *is formed. As indicated in connection with the preparation 
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of boron, boric oxide is readily reduced wl\en heated with magnesium* The reaction 
with powdered aluminium conducted by the thermite process was found by 
F. B. Weston and H. R. Ellis to furnish a product difficult to isolate, and it is not 
suited for the preparation of boron. J. S. C. Wells found that platinum is appreci- 
ably attacked at high temp, by fused boric oxide. V. L. Bloxain reported that 
when sodium hydroxide or barium hydroxide is melted with a mol o i boric oxide, 
three mols of water are expelled : B 2 0 3 H (iNaOH 2Na 3 B0 3 -| 3H 2 f> ; and with 
potassium hydroxide, two mols are driven off: *B 2 ()» f 4KOH “K 4 B 2 0 6 -f-2h 2 0. 
W. flfuertler studied the solubility of the metal oxides in fused boric oxide ; he 
divided them into groups : I. The oxides of the five alkali metals, thallium, and 
silver dissolve in all proportions, and the soln., on cooling, furnish clear glasses if 
the proportion of boric oxide is high, and crystalline masses if the proportion of 
metal oxide is high. II. The oxides of copper (ous), lead, bismut h. antimony, arsenic, 
titanium, molybdenum, tungsten, and vanadium furnish, at 1 fi O' 1 , clear glasses 
which on cooling separate into an emulsion of two liquids, which on further cooling 
solidify. III. The oxides of the metals of the three alkaiinc.earths, magnesium, 
zinc, cadmium, manganese, iron (oils), cobalt, nickel, cerium, lanthanum, neo- 
dymium, praseodymium, samarium, and gadoliniuni,,are not mutually soluble in all 
proportions at 1400°, but give a mixture of two liquids. Several of these an* said to 
form borates e (f. W. Guertlersaid that cerium forms ( V 2 () 3 .B 2 ();p but this H. Holm 
denied. (\ R. Burgess and A. Holt found that calciun*. strontium, barium, zinc, 
cadmium, magnesium, manganese, lead, and bismuth oxides are insoluble in small 
quantities, but, on gradually increasing tin* amount, dissolve to clear glasses ; with 
a further addition of oxide, the mass again becomes opaque except in the ease's of 
lead and bismuth, which yield pale yellow, very fusible glasses. The oxide of 
mercury appears to be soluble, and tljpse of antimony and arsenic slightly so. The 
oxides of aluminium, beryllium, zirconium, tin, cerium, thorium, columhium, and 
silicon are all quite insoluble. The oxides which colour the borax bead, namely, 
those of chromium, copper, molybdenum, uranium, iron, nickel, and cobalt, are all 
insoluble in the fused anhydride, manganese in this respect behaving exceptionally. 
The last series of oxides can, however, be dissolved in boric anhydride containing 
lithium, potassium, nesium, rubidium, and thallium, and the clear glasses obtained 
with large amounts of the coloured oxides are similar to the borax beads, although 
the colours are sometimes modified. W. Cl. Mixter said that«borio oxide unites 
with sodium dioxide to form sodium orthoborate. J.. Wohler and W. Becker fiTund 
that when boric oxide is* heated with ammonium dichromate, Guignct s green, 
Cr 4 0 3 (0II) 6 , is obtained free from boric oxide ; with potassium dichromate and an 
excess of boric oxide, the product has the composition Gr 4 () 3 (B 4 (););}. K. Arndt and 
A. Gessler found the sp. gr. and eq. conductivity at 900° of various fused mixtures 
of boric acid and sodium metaflhosphate, XaPC) 3 , to bo : 


Per cent. NaP0 3 
8p. gr. at 900* 
Conductivity 


100 50 25 10 5 1 05 

2 144 2115 KS20 1*055 1*585 1*552 1*522 

49 , 5 104 1*55 007 


K. Arndt also measured the viscosities. The solvent, action of boric oxide has been 
utilized in opening up silicates for analysis. 4 
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§ 8. The Boric Acids 

As previously cited, T. Bergman, in his De aUractionibm t electirk (Upsala, 1775), 
clearly recognized the acid nature of “ borax acid ” and compared its affinity with 
that of other acids. Theoretically, boric anhydride should furnish the acids 


represented by : 


, 


B^° 

o<$ H 

U<; 0H 

U ,OH 

O 0H 

°\ B OH 

15 X)H 

hob <oh" 

Boric anhydride. 

Metaboric add 

Metobnric add 

Orthoborie add. 

M 


Meta- and ortho-boric acids have been obtained, but not mesoboric acid, ami the 
researches of J. J. Ebelmen and M. Bouquet 1 show that the first two acids are definite 
compounds. According t<f A. Holt, no clear evidence can be found for the existence 
of any acid containing less water thaiumetaboric acid. Only drthoboric acid can 
exist in soln., under which conditions it is present in simple mols. Metaboric acid 
cannot be regarded as an equimolecular mixture of orthoborie acid and boric an- 
hydride. Fused mixtures of orthoborie acid and boric anhydride, in which the mol. 
ratio of the latter to the former compound exceeds 4:1, can exist in a vitreous 
metastable and a crystalline form. Salts of the meta- and ortho-acids, the meta- 
and ortho-borates, are known, and also a number of salts with a higher proportion of 
acid. H. Rose said that the acid salts may be regarded either as mol, compounds 
of boric acid and the borates, or, better, as condensed acids formed by the removal 
of water from two or more tools of orthoborie acid, for boron, like carbon, exhibits 
a tendency to form complex mols. Those condensation products form the so-called 
jwlyboric acids and poly borates- — c. g. diborates, triborates, tetraborates, etc. Ex- 
cepting, possibly, tetruboric acid, the poly boric acids have not been isolated although 
their salts are known. H. le (Jhatelier assumed that there are four types of borates, 
derivatives of the acids H3BO3, H 6 B 4 0 9 , H4B3O5, and HB0 2 . It. Benedikt 
classed the different borates as salts of poly boric acids indicated in Table J. 

Tabus I. -PoLYBottic Acids and Pdlyboratks. 

Add. Formula. Origin. Reported suits. 

Orthoborie . H 3 BO., * — Mg 

Metaboric . . . H,R,0 4 2H.,B0 3 2H 2 () Li,K, Na, Bu, and Mg 

Dihydrodiborie . . H 4 B 2 O h 2H,BO, H 2 () Na 

flexahydrotetraborie . H e B 4 (), • 4H 3 B0 3 3H 2 () Na 

Dihydrotetraborie . H,B 4 (). 4H 3 B() 3 5H 2 () Borax, etc 

Hexahydrohexaborie . H fl B 4 (), 2 <iH 3 B() 3 OH a O Nono 

Dihydrohexaboric H 2 B 4 O 10 tiH 3 BO a tyt 2 () Li, K, and Mg 

Hexahydro-oetoboiio . H 4 B h Ois 8H 3 B() 3 OH a () Na and Mg 

Dihydro-octoborio . H 2 B h 0 13 8H 3 B0 3 - 11H 2 0 NH 4 and Na 

Dihydrodeeaboric . H 2 B 10 O, 6 l()H s BO s 14H 2 U Li, Na, and K 

Dihydrododecaboric . H 2 B, 2 O ia 12H 3 B() a 17H 2 0 K, Na, Ba, Sr, Mg, and Al 


J. J. Berzelius prepared what was once called vyroboric acid 4 or 

2B 2 0 3 .3H 2 0, which may be regarded as tetraboric ackC by heating orthoborie geid 
to 100°, until half the contained water is lost. G. Merz doubted the individuality of * 
the product. The sodium salt of this acid, sodium tetraborate, Na 8 B 4 0 8 , was made 
by A. Arfvedson by melting borax with sodium carbonate whereby two moJs of car 
bon dioxide are driven off per mol of borax ; Na 2 B 4 0 7 -b2Na 2 CT) 3 ==2C0 2 -|-NaeB40 B . 
L. Kahlenberg and 0. Schreiber reported dihydrotetraboric add, H 2 B 4 0 7> or 
2B 2 0 3 .H 2 0, to be formed by heating orthoborie acid to 140° ; or, according to 
J. J. Ebelmen and M. Bouquet, to 160° in a stream of dry air ; or, according 
to A. Atterberg, to 100° for a week.* R. Nasini and J. Ageno said that this acid is 
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produced when orthoboric acid j is heated between 138° and 140°. The brittle 
glawy mass forms orthoboric acid when treated with water, It can also be 
regarded as the second anhydride of tetra boric acid, H 6 B 4 O 0 . Dbhydrated borax , 
Nftj.B 4 0 7 , is then regarded the sodium salt of this acid, and can be called sodium 
metatetraborate. 


OH OH 




I)ihydrotetr»lx>rl< a acid, H,B,0 7 . 


C. ^ulkowsky represented th« structure of dihydrotctraboric acid by the graphic 
formula just indicated. 0. T. (ierlach said 100 grms. of water dissolve 2 69 arms of - 

all one 15 ’’ “, nd , “!'■ ,ws 11 **M- S'- 1 015. 0. M,-rz reported the hydrate 
NlijOj. lf 2 0, or dthtjdrohexadecabonc acid, H 2 B I6 0 2i , to be formed by heating ortho- 

tl'i vi'i o Tv #n ? A - ••1B 2 0 3 .H 2 (), or dihjdroLaboric 

awl, by heating orthoboric acid for a week to 140°. There is however 

nothing to indicate that these two products are chemical individuals. 

! )f °rthoi)oric acid, metabolic acid, BoOj.IM), or HB0., or 
(HO)BO, was obtained,!.)- (J. Merz,= F. <i Schaffgotseh, V. hBloxam H Lescreur 
and L Kalilenberg and 0 Hchreincr, by the expulsion of a mo! of wate’r from one of 
orthoboric acid at 100 ; A. Attcrberg worked at 80°; and R Nasini and J Ac/P»m 
between 107 "and 108°. P Tsehijewskysaid that if borh-aeid bevoSedlnaetS 
of steam at UK) crystals of metalmric arid appear where the steam condenses 
0. Hehner said that at 100‘, orthoboric acid does not lose two-thirds of its water 
but vaporaea itself as such. According to 11. Is-setmir, the vap. press of orthZ i •' 

(H 2 H 2 0 4 a(|., 2NaOH.qT^i‘' 0"^“*°" 

ouml the heat of soln. in water to be positive. that of orthoboric acid is negati 'w 

f | n'imn -Tr,'' | B0„', .v7xltr'o|HBO i 

[ff |tB () 2 |. T be transport number of the B()./-ions in (W)VV *«ln r 11 , r * 

R Abegg and A. J. Cox, 1 Walker and W. Cormlck and H Ohe L ^ T? Y 
the same as for acetate ions. L. Kalilenberg and 0. Schreiner found tlia/wnt ^ 
lyunedmtely eonVerts metaborie acid into orthoboric acid. 11 Nasini and I A Jc no 
found the mol. wfc. in glacial acetic acid to be “in ’t wti.vn h, > , y 7 10 

HBO, ut-14 ; I*. Walden state,! that in aq. soln. theVlcJtrical ronduetivTt raofhirox 
and of sodium inetaborate an- similar, and lie ate suggested that metiihJi -f • 
dibasic, H 2 1U) but 1*. T. Muller said that the .bSffi ™ \Z %Idne U> 
hydrolysis, and that the formula of the metalmrates is MBO, (■ y, i,., ' o 
however, used the graphic formula : * ' " l,koWHk y, 


yo 




■OH 


P. Taohijewsky believed that mesoboric add, II.B.O, or HBO H l)n 
B 2 0,.2H 2 0, is formed as a e, impound which is’ voCitU “m! RhZ 
>p|e>ara m crystals when molten borio acid is cooled. ” “ 

The discovery of boric acid bv G. Hombersr 3 in 170‘2 ami , , . 

acid in the waters of the lagoons of Tuscany has already been discuZTVlfonr 
, bftg s preparation was first called sol Mum, and it was some time before if Z 
recogmzcdto be Wthoborioamd, H 3 B0 3 . This aeid is generally nndersZlwben 
the term bone and or boranc and is employed. This acid is formed he o? 
of water steam or aUc.li-.ye on boron iljLe, or ^Z nHrWeran/^aS: 
indicated, hypotheses as to the origin of bone acid in the fumaroles of Tuscany have 
(men based upon these reactions The boron halides are also hydrolysedbvwate 
mto bohe acid and the corresponding haloid acid — vide infra F k * j 

.t^t boroi^ hydrofluoride, l^.H^is decom^d by'^m. 
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^rapidity. F. Jones and R. L. Taylor fountf boroif hydride is oxidized to this acid by 
a soin. o! potassium permanganate. J. L. Gay Luasac and L. J. Theuard, and 
H. Moissan showed that nitric acid converts boron into boric acid ; and B. Reinitzer 
found that when finely divided, well-washed boron is left between filter paper in 
moist air for 8-10 days, it becomes covered with microscopic crystals of boric acid. 
R. Lorenz also demonstrated the extraordinary avidity of boric oxide for wjjter 
; whereby it Is converted into boric acid. * 

The preparation o! orthoboric acid.— The sources of commercial boric iyid arc 
the natlfrally occurring acid in the soffioni of Tuscany ; native borax or tincal ; 
boronatrocalcite, or Chilian borate of lime ; pauderiuitc from Asia Minor (Turkish 
boracite) and Stassfurtite, i.e. boraeite. 

(1) From borax. — Boric acid was formerly obtained by sublimation from a 
mixture of 16 parts of borax, 5 of sulphuric acid, and 2 of water, heated in a 
retort; the powdered residue tfas frequently moistened with water and. again 
ignited. The yield was small. It is more conveniently made by treating a soln. 
of one part of borax in four parts of'boiling water with one-third the quantity 
of sulphuric acid ; on cooling the soln., boric acid crystal Ifzes out, and a further 
quantity can be obtained by evaporating and cooling the* soln. This is virtually 
G. Hombcrg’s original process for sal sedativum. W. Meissner 4 evaporated the 
mixtures of sulphuric acid and boric acid to dryness, and extracted the boric acid 
with hot alcohol. II. W. F. YVackenroder preferred hydrochloric acid to sulphuric 
acid because the latter adheres more tenaciously to the separated boric acid ; and 
E. Reiehardt decomposed the soln. of borax with an excess of hydrochloric acid, 
evaporated the mixture to dryness at 100°, and extracted the sodium chloride with 
the smallest possible amount of water. 

(2) From (he Tuscamj fu morales. lip to the end of the eighteenth century, boric 

arid was obtained industrially almost exclusively from borax. In 1775, U. F. lloe- 
frr, 5 and P. Mascagni discovered boric acid in the waters of the Tuscany lagoons of 
Monte Rotondo and Uastelnuovo ; find shortly afterwards it was found in the solid 
state by P. Mascagni, at Sasso hence J). L. G. Karsten's name sassolin , which was 
afterwards changed to sussolife. II. F. Mocfcr discussed the possibility of tin* 
extraction and utilization of the boric acid. The boric acid fumaroles and lagoons 
of Tuscany appear at the distance like clouds of vapour rising Jrom the rugged 
mountains. They cover an area of about 80 sq. miles. In the vicinity, jets of boiliffg 
water seem to burst explosively from the earth, and voluminous clouds of steam 
rush into the atmosphere. The ground is hot, and is covered with crystalline sulphur 
and other minerals; tile atm. smells of sulphurous oxide. The temp, of the water 
may Ik* as high as 105°. The place was formerly regarded by the peasants as 
the veritable entrance to Hell, a superstition no doubt derived from ancient times, 
for the neighbouring volcano still bears the name Mens Ccrberi or Monte Cerboli. 
A photograph of a boric acid lagoon at Volterra is shown in Fig. 9. 

To recover the boric acid, it is merely necessary to evaporate the condensed 
vapours from the fumaroles. In 1807 G. Gazzeri's analyses led him to conclude 
that the quantity of boric acid contained in the waters was too small to pngniso 
successful extraction on a large scale. Undeterred by this, attempts were made at 
Monte Rotondq, in 1815, to extract the acid on an industrial scab; by the evapora- 
tion of the liquor, but the cost of fuel (charcoal) rccjuiijid for the evaporation was 
prohibitive ; about 1828 F. de Larderel happily conceived the idea of allying 4ho 
heat from the soffioni to evaporate their own waters instead of toasting itself in 
the air. There are establishments at Castelnuovo. Monte Rotondo, Serrazzano, 
Lustignano, Larderello, Monte Cerboli, San Fedcrigo, Sasso, and Lago, each operating 
10 to 40 lagoons. The process of extraction is comparatively simple.® 

Native steam issues from numerous blow-holes or soffioni in the ground in the neighbour- 
hood of Larderello (Monte Cerboli district) ; it contains up to one-tenth per cent.* of bo/io 
acid. The vents are lined with about 8-inch pipes extending into the earth fryn a few feet 
to over 300 ft. Some of the blow-holes are artificial, for they have been produced by borifijf 
„ VOL. V. • E 
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ami tliUH mumble artesian wells. T«o temp, of the issuing steam varies from 98° to 140". 

30 ft. diameter, arc budt about the sofflom so. » to meH.de two or three 

vents, as shown diagra mtieally in Fig 10. Asenos of »u -h ’“ “•/‘’Sd 0 f tertace of 

Fig. 10, are built at different levels on the Hide of a hill so as to foim a kind ot ten-ace of 



Km, 0. Hone Acid Ltiguon at \ olterrn. 


uitdieial lagoons, 'I ho uppnimnst one is tilled with watei fioin the inountam sti-eaniH. The 
hot vapoms hnhhle thtnugh Ihe water piodugng a turbulent fountain several feet in height. 
The hot vapours give up their hone acid and luise" the temp, of the water. In about 24 
houiH, the unpiegnated w a ter is i tin into t he next lagoon w hole a second unpiegnation occurs 



Fio. 10.- The Extraction of Boric Acid from the Solhoni m Tuscany. 


In another 24 hours the liquid pusses on to the third lagoon, and so on until it has reached 
the last ’of the series. The water will then have guthered about 2 per eent. of boric acid. 
If Impregnation is allowed to proceed further, boric acid will be carried off with tho escaping 
%t»am. Thtf soln. is then allowed to settle in a rqftungular settling- tank, 5, Fig. 10, where 
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pne mud containing more or less boric acid is deposited. This mud is used by country 
pieople for treating tho skin diseases of cattle. The water from the settling-tank is allowed 
po run down a series of corrugated lead -lim'd evaporating troughs, K (5 ft. wide, 150 ft. 
[iong, and 8 ins. deep- heated by vapours from the sodium. The liquid enters at one end 
LUinl runs over the corrugations, w here it is rapidly evaporated. If the temp, rises much above 
[50°, there is a loss of boric acid with tho vapour. Any further eva|>oration^if needed; is 
^conducted in leaden pans. When cone, to the point of crystallization about sp. gr. 11 1(5 
|at I5°— the liquid is transferred to wooden crystallizing yats 10 \ 30 sip ft. and allowed 
fto cool. The mother liquor is returned to the evaporation pans. The crystals of boric acid 
i»re removed by wooden scoops, drained m baskets, and dned on a Hour heated by native 
steam. The boric acid is shipped in casks containing about 1000 lbs. each. 

According to 0. L. Erdmann, 7 the Tuscany boric acid so j repared contains 
318 per cent, of ammonia ; and, according to G. C. Wittstein's analysis of a^pocniien 
in 181(1, 

HjliOj (NHpjSO, Ml, I M«S() 4 <\iS<> 4 N.qSo 4 K.sO, tY..(M> 4 ) ( \l s (S0 4 q 

7U-494 8-508 0 208 2(552 1 (MS 01M7 (KHitf . 0 5 <55 0-520 

together with a combination of boric and sulphuric acids 1322 ; silica. 1200 ; com- 
bined water, ti'417 ; and traces of manganese sulphate ayd organic matter. The 
data may haye been aieurate to the fii^t decimal Another analysis by A. Scheucr 
(1852) is: 

Jl.Oj ll 2 (l Ml, k^O Cn(» MgO l‘’i jO, i MjO| (I lljSOj 

4<>" 17 42 0.1 125 0 72 (MO 0 85 * 0*28 0 (5(5 7 04 

This is equivalent to 82 31 per cent, of boric acid. The Tuscany acid is refuted by 
dissolving it in water heated bv blowing in steam, and adding freshly ignited charcoal. 
The filtered sola furnishes t olourlcss crystals. M. Clouet purified the acid by heating 
it with nitric acid or sodium nitrate. Boric acid ian also be still further purified 
by converting it into borax, purifying that by recry, stalli/.ation, and subsequently 
converting the horax into boric acid agam by adding hydrochloric acid to the hot 
soln. The resulting crystals of boric at id can be purified by crystallization from 
water. 

The mother liquor remaining after the extraction of crude hone acid in called wiser io ; 
it contains ammonium, magnesium, and sodium sulphates in addition to hone acid. 
I 7 . Kborgi reioveis the boric tu id by boiling t lie snhm 10 yy.tli sodium caibonute, nmmoiya, 
and carbon dioxide, and com cntiatmg foi the crystallization of horax 'fhc mother liquid 
is used u.s a source of sodium sTilphatc m the Diesel pioccss for horax. 

Boric acid is converted into borax by adding the necessary quantity of sodium 
carbonate to the aq. soln., and crystallizing, in the E. Dresel and J. Lcnhoff's 
process 8 for making horax from boric acid and sodium chloride or sulphate, a soln. 
of bone acid and the alkali salt is subjected to the action of ammonia : 4H 3 B0 3 
i 2NH :{ ♦ 2XaCl | 2N1J 4 C1 f 5ll 2 (), a reaction which recalls the Solvay 

process for sodium carbonate. The reaction has been investigated by lb Sborgi and 
f\ Franco at different temp. There are two invariant points in the system, and 
it is in the neighbourhood of one of tliese, corresponding to a solid phase conijiiscd 
of ammonium borate, borax, and ammonium • hloride, that the best conditions for 
the practical forking of the process are •found. At 10 (\ these condition’s ure 
obtained with an initial mixture in the proportions. NaClJj93gm>s , H jBOj 6£4 grms., 
NH a 89*9 5 grms., H^O 1206 grins. The quantity of crystallized borax precipitated is 
941 grms., and the mother liquor contains 282 '3 grms. NH 4 ('l, 35*3.7 grins. Na^Oy, 
and 84 36 grms. NaCl per 1000 grms. of water. The yield of precipitated borax is 
eq. to a recovery of 73'3 per cent, of the sodium and 93‘4 per cent, of the boric acid 
in the initial mixture. 

(3) From the calcium and magnesium borates. Boric acid is obtained from pan- 
dermiteand othercalcium borates by suspending the powdered mineral in water and 
adding sulphuric acid. A current of steam is blown into the liquid, so that flic 
boric acid dissolves and the calcium sulphate is converted into a compact form whiefi 
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is readily separated. The temp, fs not ‘allowed to rise over 80 or some k° r j c 
will be lost in the vapour. The filtered liquid is cooled and allowed to crys a 
The crystals are purified if necessary by re-crystallization. F. Gutzkow used a 
similar process with boronatrocalcite, and further discussed by G. Lunge, o. . o 
so h, F. Filaingrr, and’G. Krause. Hydrochloric acid can be used instead ol sul- 
phuric acid* P. Marquart and il. Schulz patented the use of carbon dioxide the 
gas from lime kilns, etc., under press, for converting powdered boronatrocalcite 
suspended in water into calcium and sodium carbonates and boric acid; sulphur 
dioxide, or sodium hydrosulphite was also substituted for carbon dioxide? Ihese 
processes have been discussed by J. Winkler. A. Schuster and M. Wilhelmy pro- 
posed hydrofluoric acid ; R, Riekmann and E. Rappe, silicon tetrafluoride, sodium 
fluosilieate, or hydrofluosilicic acid : 2 GaB 4 0 7 }-SiF 4 = 4 B 2 0 3 + 2 CaF 2 +Si 0 2 ; 

M. Chenal and M. Douilhet, ammonium chloride ; and 0. C. Moore, chlorine : 
3( VV>s HbGL | 18H 2 0^12H 3 R() ; , fbCaCL i Ca(C10 3 U A. Partheil and J. Rose 
proposed extracting the boric acid from residues with ether, acetic ether, or chloro- 
form. E. Becchi described methods for cjftracting boric acid from serpentine and 
rolated rocks. * 

The physical properties ’of orthoboric acid. - Boric acid crystallizes from hot 
aq. soln. in lustnms, colourless, flexible, six-sided plates which feel greasy to the 
touch. According to W. H. Miller, 10 the crystals are of larger size wheli they separate 
from a soln. containing sulphuric acid, etc., than from water alone as solvent. 
The crystals are trielinic pinacoids with the axial ratios and angles, according 
to K. Haushofer, a : h : c- 1*7329 : 1 : 0 D22H, and a -Df 30'; j3- 104°25'; and 
y--89° 49'. Measurements have also been made by W. H. Miller, A. des Cloizeaux, 
U. d’Achiardi, and A. Kenngoft. The hardness on Mohs’ scale is 3. The specific 
gravity of the crystal, according to R. Kirvfan, is 1*479; F. Stolhu gave 14347 at 
15° ; l*. A. Kavrc and (’. A. Valson, 1 41)3 at 20*fY’ ; ami, according to A. Ditto : 

0 # 1“ II C.H’ SO' 

Sp.gr 15 1(13 ir>l/2 ITi 1 28 1*4 Hi.> 1 -38*28 

The value calculated from ILU, and solid wafer is 1 3003. A< cording to P. A. Favre 
and G. A. Valson, the contraction during the crystallization of aneq.of boric acid is 
1)’3 e.c. E. F. Aqthon gave poll for the sp. gr. of a sat. aq soln. at 8 V ; F. Stolba, 
1‘0248 for a soln. sat. at 15° ; and P. A. Favre and (’. A. Valson, 1 Ol(Hi for a iY-soln. 
at 20*2°, and the contract ion on soln. is 01) e.c. 0. Bock gave for the sp, gr. of aq. 
soln. at 18°/4° : # 

Per cent. H 4 B0 3 . . . 0-78 192 2 88 3 (51 

Sp.gr 1 0029 10073 1 0109 1 0131 

L. W. Oholm measured the diffusion of hone acid inaq. soln. from 18° to 20°, and 
found the eoeif. k to be : 

(June, ot soln. . . . l‘5A r N 0-3.V 01 A’ 0*05A 

CoeHieient .... 0813 0810 0826 0876 0964 

F. Auerbach found the elastic modulus of crystals of boric acid to be 2030 kgrms. 
per sq. nun. For the elastic number— the ratio of the transverse contraction to 
the longitudinal extension— -K. Straubel gave 0'28, and F. Auerbach, and R. Straubel 
gaye 79*3 kgrms. per sq. mm. f<3r the torsion modulus of the crystals of boric acid. 

According to*A. Ditto, the coeff. of thermal expansion of crystalline boric acid is 
0 0015429 between 12° and 60°. H. V. Regnault gave 0*3535 for the specific heat ; 
and T. Carnolley, 184°-18G° for the melting point ; it will, however, be obvious that 
this number does not apply to orthoboric acid. Not all are agreed as to the action 
of heat on boric acid. J. A. Rose observed no loss in weight when boric acid is dried 
in vacuo over cono. sulphuric acid. E. Lowenstein also observed no loss at 25°, 
when the acid is confined over 97 per cent, sulphuric acid. H. Lescoeur found that 
tkfric acid formed by the hydration of borior oxide lost at ordinary temp, over 
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sulphuric acid; 0’35 per cent, the first day, 0 08 per cent, the second day, and 0-00 
per cent, the third day. 

F. G. Schaffgotsch said that it is converted to metaborie acid, HB0 2 . G. Merz 
said that no water is lost by heating it to a temp, of 70°, and that tyro-third* is 
lost at 100°, and that it forms dihydrotetraborie acid, H 2 B 4 0 7 , at 160°. • At a higher 
temp., the acid froths up, losing its water, and forminga fused viscid mass of anhydride 
(q.v), which on cooling congeals to a transparent but fissured glass. The formation 
of different hydrates has already been discussed. At a red heat, boric acid foses all 
its water and this is attended by much bubbling. II. Lescoeur said that the acid 
is stable up to 100 u , but at that temp, it has an appreciable vap. press, and slowly 
loses weight. In 1702 G. Homberg distilled ferrous sulphate with borax jftul found 
the distillate contained what is now known to be boric acid. G. Merz, F. G. SchafT- 
gotsch, J. A. Rose, R. Bunsen, &nd H. Lescoeur noted that the loss of the water of 
crystallization is attended *bv the vaporization of some boric oxide, and P. Tsclii- 
jewsky found that a gram of the arid containing : 

(Inns. water of crystallization lost . . . 0'78O8 0*7543 0*2783 

Volatilized B 2 0 3 per grin, of water . . . 0*1405 0*1358 0*1032 

0. Hehner said that at KX)° it vaporizes as IT.jBGj, G. Watson as 11 BO... P. Tschi- 
jewsky believes that the cause of the volatility is the formation of a volatile 
compound with water, just as the high volatility of boric oxide in the presence of 
methyl or ethyl alcohol is due to the formation of the corresponding esters. 
F. G. Schaffgotsch found much boric acid is lost during the evaporation of aq. 
soln. L. do Koningli said that this only applies with cone, soln., and that dil solo, 
may be evaporated to half their vol. without appreciable loss- a rapid volatilization 
of the acid occurs as the soln. approaches dryness. P. Tschijewsky found that 
the loss is not proportional to the com*, of the soln. The evaporation on a water- 
bath of a soln. of g grins, of boric *aeid ill 20 grins, of water was attended bv the 
loss of l grins, of B 2 0 3 per 20 grins, of water : 

<J . . 1*1296 1*0305 0*9547 0*8874 0*8197 0*0382 0*0201 0*0098 

/ . . 0*0991 0*0758 0*0673 0*0577 0*0485 0*0181 0*0103 0*0066 

F. W. Skirrow distilled sat. soln. of boric acid in contact with the solid phase ]«it 
did not obtain a distillate of constant composition with unsat. soln. ; the cone, of 
the vapour increases slowly v ith increasing cone, of the liquid, showing that the acid 
is not in the same mol. state in the soln. and vapour phases. He Ixdieved that in 
the soln. there is a condition of equilibrium : 2 H ; jB 0 ^ 2 H 2 ()-f and also 

4 H 3 B 0 3 T=* 5 H 2 0 -f-H 2 B 4 07 ; andihe state of equilibrium between the acid in soln. 
and in vapour is II 3 B0 3;J cin. ; F i H 3 BO 3Vft p 0ur , The constancy of the “ constants ” 
calculated on these assumptions is not altogether satisfactory. J. A. Rose 
observed an 8*62 per cent, loss of boric acid during the evaporation of ethereal 
soln. All the boric acid can be volatilized from soln. containing enough methyl 
or ethyl alcohol. 

The dtaociatiotl pressure at 20° was found by H. Lescoeur to 1 m* 2 nun., an*! the 
vapour pressure of boric acid at different temp, to be : 

20° 43*5° Oft" , lOO” 128$ 

Vap. press. ... 2 5 10 30 60 $2 mm. • 

• • 

He further found at 20° for the vap. press., p mm., of a mol of boric oxide, B 2 0 3 , 
with n mols of H 2 0 : 


n 

. 0*01 

0*3 

0*65 0*98 

1*00 

1*63 

25*0 

2*92 2*69 

P 

and at 5°; 

. 1*4 

2*4 

2*2 3*4 

7*1 

7*2 

8*5 

m 

9*6 14*6 

» 



. 3*00 

3*05 

3*20 

3*74 

* 3*81 

V . 



. 1*8 

• 

6*8 

5*9 • 

0*0 

6*95 
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He inferred that a hydrate higher than H 3 B0 3 probably exists at a low temp but 
it is not stable at 15" ; the vap. press, at 5° is 5 8 mm. ; at 10°, 6;8 nine; and at 15 , 
12*1 mm. E. Lowenstein made Home observations on thus subject. Lr. lammann 
gave 10-2, $6*3, and 56 1 mm. for the lowering of the vapour pressure of aq. soln. 
with respectively 5-25, 13*11, and 27*36 grins, of boric acid per 100 grms. of water, 
at 100°, and K. W. Hkirrow found the vap. press, p mm. of aq. soln. with g grins, 
of ir 3 BOj per litro at 92*8" : 

q . 21-7 23 0 42’8 (17*5 80-7 143 152 * 172 

p . . . 079*5 580 578 572 570 500 504 501 

The raising of the boiling point of aq. soln. of boric acid has been measured by 
E. Beckmann. W. Landsbergcr, and L. Kahlenberg, and only varied from 0*49° 
to ivTil’ with soln. containing 2*35 and 36*41 grms*H :1 B0 3 per 1(X) grms. of water. 
K. Na'sini and .). Age no also found the raising of the b.f>. of aq. soln. by boric acid 
to be in aeeoid with Mie mol wt. 11,110., 62. S Arrhenius, and L. Kahlenberg and 
O. Schreiner measiiied.the lowering of the freezing point of aq. soln. ; the former 
ohlninnl / 1)2 for Ihe.ronstunt of association, and the latter found distinct evidence 
of association as ^evident on comparing the first and last of the following: 

(Vmc. of If., MO,, . . . . . 0 25 (H07 ()• 1 20 mols per litre. 

J)epre*NioM of f.|>, .... 0*481)° 0*327° 0*247° ,, „ 

< Vilctilalrd cone. 11,110, . . . 0 27 0177 0*133 „ », 

The partition coefficient of boric acid between amvl alcohol and water w r as measured 
bv C. .1. ,1. Fox, I*. Muller and F, Auerbach, and found to be nearly constant 3*35 
at 25 for soln of different cone. 1*. Muller gave 3 37 at 15'; 3*34 at 25"; and 
3*31 at 35 . The.se results indicated that there is no change in the mol. state of 
boric acid in soln. of dilTerent colic. The partition eoeff. of boric acid in aq. soln. 
id sodium < Morale ami amvl alcohol was measured hy 15 Muller and It. Abcgg ; 
between an m | soln. of potassium (blonde, artd amyl alcohol by C. J. J. Fox; 
betw'een water, and mixtures of amyl alcohol ami carbon disulphide hy W. Herz and 
A. Kurzer : between water and ether, by .1. A. Bose ; and between amvl alcohol and 
glyeurol. by \V. Ilerz and M. Levy. 

According to j\l. Bert helot., 1 * the heat of formation of crystalline boric acid is 
(R,().j, .‘il Io< hi^ui,,) 16*8 Cals ; or (B..O.„ 3ll.,() HoUa ) 12*0 Vais. A. Ditto found 
that an oq. of lioric acid absorbs 3 1S7 (Vijs in order t<f make a sat. aq. soln., and if 
more water is added, only 0*211 Cal. is absoibed. «I. Thomsen gave (H 3 B0 3 , 
ftq.) - 51 (Vi Is, and M. Berthelot gave* 18 Cals, for the heat of solution of a 
mol of boric acid in 8(X> mols of vat<*r This agrees with a large positive temp, 
cooff, for the solubihiv. .1. Thomsen also foimd’the heat o! neutralization of one 
oq. of sodium hydroxide with n eq. of horir acid : 

n ... \ i • I I', M 2 4 (1 

Cals. . . 1*040 5*820 loom 10305 10*700 11*100 12800 13600 

The heat effect which ouurs aftv*r eq. amounts of acid and alkali have been mixed 
shows that poly borates are probably formed exothermally. M. Berthelot found 
that an eq. of boric acid in 4 litres of water with \ eq. Na a 0 per litre — 11*56 Cals. ; 
with 1 eq. Na 2 0 19 82 Cals.; and with J.J eq. Na 2 0— 19*65 Cals. M. Berthelot 
guye for the heat of neutralization of an eq. of boric acid (70 grins. B 2 0 3 in four 
litres) witli one eq. of Nil, in 2 litres, 8*93 Cals. ; with 2 eq. NH 3 , 11*55 Cals. ; and 
with 3 eq. Nll 3 , 12*60 Cals. 11. Lunden gave for the heat of neutralization of boric 
acid with ammonia, 1 1440— 36 80 cals., rft B'\ H. von Steimvehr gave for the heat of 
dissociation, -3*85 (Vila, at 18*2 ; -4 04 Cals, at 16*4° ; and -4*14 Cals, at 13*6° ; 
H. Lunden gave -3*17 Cals, for the heat of dissociation at 15°, and —3*08 Cals, 
at 25°. . J. Thomsen, 1*. Georgievlc, .1. Shields, and \V. Ostwald found the avidity 
of *boric acid for sodium hydroxide to be very small compared w ith those of other 
aeids. c • 

According to A. desc Cloizeaux, 12 the doable refraction of crystals of boric acid 
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is strongly negative; and the dispersion is inappreciable ; J. Chamber found that 
elliptical polarization is produced when 0 3 grin, of boric acid is mixed with 50 e.c 
of carbon disulphide, benzene, pseudocumene, turpentine, ether, carbon tetrachloride, 
chloroform, or petroleum. 0. Meslin also studied the polarization of a<p soln.. of 
boric acid. B. Wagner found the index Of refraction of soln containing,! , 2, 3, and 4 
grins, of boric acid in 100 c.e. of soln. to be respectively 1*333%. 1*33404. l‘33f>32, 
and 1*33000 at 17*5° for the /Mine. P. P. Bedson and W. ('. Williams found the 
index o4 refraction of isotropic fused boric oxide to be 14004 for the //„-line r 1 *4(137 
for the*Na-line; and ^'4023 for the //p- line. ,1. H. (Gladstone and W. Hibbert 
found that with the //,,-line, solid boric acid has the molecular refraction 15*20. and 
in sat. sol., 14*77. S. Procopiu studied the effect of boric acid on the birefringence 
of benzene, etc. For the phosphorescence of boric acid, ride boron trioxide. 

E. Bourgoin 13 said that an asp soln of boric acid is not decomposed by a current, 
but A. Bartoliaml (1. Papaflogli found that a perceptible decomposition oceurs'with a 
<*urrent from (J 8 Bunsen's cells. 0. Buck found the speritic electrical conductivity 
of the soln. at 18° to be : 


Per cent. H.ROj O 77U 1*W2 . 2 SS 11012 

Conductivity ..... O ()22 011 0^21 0 * 3 1 

Temp, coelf 0*0231 0 0143 0 (1110 0 0073 

J. Kendall and J. C. Andrews measured the conductivity of boric acid in n<]. soln. 
of hydrochloric and nitric acids. A. B. Brvan measured the conductivity of (lames 
charged with boric acid. .1 Walker and W. Cormack gave for t In 1 mol. conductivity, 

/t, the degree of ionization, a, and tin* ionization constant of dil. soln. with a mol 
of the acid in r litres at 18 : 


e 

H . . . 

Deeive lontzu 1 ion, a . 
Ionization < nnstnnt, K 


111 22 2 

0- 0450 O 0030 

1- 37 JO 1 !U 10 6 

*17 ' 10 • 1-00 10° 


33 3 1 4*4 

0-0783 0-0S0I 

2-30 10 ' 2-72 * 10- 5 

1 71 ■ 10 • 100 . lO-o 


II. Ltimlen calculated the <><p condmtiv ity of boiie acid, assuming the ionization 
proceeds H^BO^IP p]LBO ; /, at 6, to be 18 5 ) (> ()17 Id-f O*(M)3280 :i . 

E. 0. Mandala. and 11 .Menzel liave also studied tlii-** subject. A. Hantzsed and 
A. Barth gave 2*3 xl(r 9 for the ionization constant of boric* acid which tipis 
falls between those of hydrusulplmrie and hydrocyanic acids : 

IK ll< O.,) IIjS.hi. II 3 IIO, lICv < a II 6 OiI H(Off) 

K . . 3*04 10 7 ()!>! ■ 10-9 2 3,10 * 13 10 8 |- 3 a 10 10 1*2 


0. A. Abbott and W. C. Brav # a Iso found the ionization constant H^BO^H* 

-j- HjjBO'a, 1*7 xPr 9 at 18'; S. Arrhenius corrected t his value to 1 *()(> X 1(>~® ; 
If. Menzel gave 5*7 xlO~ 10 at 18 , anil J. Lund berg obtained f»*4x 10 -,U by making 
an allowance for hydrolysis. Boric acid thus India ves as a weak monobasic acid. 
The cone, of the H -ion exceeds lxl0~ 5 , and 8 15 L. Sorensen found fi‘55 X 10~ 6 , 
and (\ L. A. Schmidt and C. P. Finger, 4 7 X K " 5 . S. Arrhenius emphasized the small 
change in the electrical conductivity of soln. of boric acid with dilution. The •split- 
ting of the first, of tin* three H-ions of boric acid evidently takes place with difficulty ; 
and the tertiary salts of boric acid arc not formed in aip soln., for the acid is 
also considerably hydrolyz'd. For soln. of boric ncid F. Auerbach’ W.*M. Clark 
and H. A. Lubs, E. B. R. Prideaux and co-workers, S. Palitzsch, $. P. K. SorenBen, • 
and C. L. A. Schmidt and C. P. Finger found that the ionization constant 
is increased by decreasing the cone, of- the soln., and for very dil. soln. is 
not far from k -17 X 10 9 ; and that the addition of a neutral salt increases 
the value of Jc. J. Walker Calculated the degree 0 ! hydrolysis to be 0*84 per 
cent, with 0‘liV-soln. of borax, to be 0*3 per cent., and J. Shields found 0*5 ner cent. 

J. Lundberg calculated the OH'-conc. of borate soln. from the velocity 01 saponi- 
fication of esters and found the h^lrolysis constant K [OH' |jHB0^ J/|B0/ | ,t*> 
be 1*9 xlO"* 5 at 18° ; H. Menzel gave 1*12 xl0~ 6 at 18°. # G. Magnanini found for 
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four lit™ of Holn. containing 1, 0*5, and 01 molsofmannite one 

mol of horic arid tin- mol. conductivity, 100/x, falls from 120 to 65 0 to 16 4 , and 
with four lita* of a win. containing a mol of manmte and 1, 0*5, and 0*1 mob of 
ljo/ic acid, the mol. conductivity, 100/4, falls from 118 to 93*5 to 43*4. He infers 
that the cofrluctivity is approximately proportional to the cone, of the mannitol, 
am bto the cube root of the eo#e. of the horic acid ; and this agrees with the mass 
law on the assumption that three rnolsof mannitol and one mol of boric acid form 
a complex ion. lie also studied the action of glycerol and erythritol. H*Lunden 
found for the transport number of the ion H 2 B0 3 / is 29*0 ^t 15° ; 36‘8 at 36° ; and 
and 49'7 at 10°. C. L. A. Schmidt and C. P. Finger studied the potential difference 
of the hjdrogen electrode in a win. of boric ac id. 

G. (lore u found that a copper }>late at 10C)° is electropositive towards a cold 
plate in a soln. of boric acid. G. Meslin found tbe.magnetic susceptibility of boric 
acid to be 0*60 xl0~ fl mass units. * 

The solubility bf orthoboric acid. — The solubility of boric acid in water has 
been measured by R. •Branch's and E. Firnhaber, 15 and by A. Ditto. The latter 
represented the amount, /S, in grams of boric acid dissolved in a litre of water at 
by S 191 1 0*036360' i 0*01660802 0*00001 GO40 3 , but his results are undoubtedly 
too low. B. Nasini and ,1. Age no gave* for the percentage solubility :• 


HJMh 


cr 

2*59 


in 

3*45 


an' 

4*8 


4<f 
8 02 


80 J 

19*11 


100 ° 

28*7 


120 ° 

r>2*4 


They gave 4 --0*76" for the* eutectic temp, with a soln. containing 2 27 per cent, of 
boric acid; F. Guthrie gn\e - 0*7 for the eutectic temp. W. Hcrzand F. Auerbach 
also obtained some isolated data for the fallibility of boric* acid in water ; and 
VV. Hers and M. Knoeli found the normality of uij. soln. sat. at 13°, 20", and 25° to 
be respectively 0*620, 0*7915, and 0*899!). 

K. Abegg, ('. ,1. .1 Fox, and VV. Her/, {jiuud ^Imt water at 20 dissolves 0*80 mol 
of boric acid, and with 3*21 and 2*80A-soln. of hydrofluoric acid, 0*75 and 0*96 mol 
of boric acid are dissolved, so that the solubility of boric acid is depressed by hydro- 
fluoric acid. W. Herz represented the solubility of boric acid in terms of normal 
soln. # at 20'. Without acid, the soln. of boric* acid is 0*!M)7A-H 3 B() 3 , and with 

hydrochloric and ? 

' • 

N HC I . . 0*130 0*200 0*390 1*30 2* Hi 0*0 7 08 9*51 

AT.HjBOj . 0*895 0*870 0*842 0 645 0*542 0 338 0*327 0*338 

showing that the solubility decreases with increasing proportions of acid and finally 
attains a constant value with about 5A r -HGl. .1. Kendall and ♦!. (\ Andrews also 
measured the solubility of boric acid in hydrochloric acid. A Ditto said that boric* 
acid is more easily soluble in dil. hydrochloric ac id than in water ; and all three*, 
agree that there is no sign of a combination ot the two acids. W. Herz's results 
with sulphuric acul arc', at 26 : 


AMI,. SO, 0*548 2*74 5*48 8*75 

A’-HjBO, 0*746 0*518 0*312 0*092 

L. Omelin, II. Seliiff, and G. Merz found that with cone, sulphuric aejd, a colourless 
viscid mass ifj produced from which water precipitates boric acid — vide boron sul- 
phate. tVith nitric acid . \V* Ib'rz found at 26° : 

AMINO, * . 0*241 1*206 1*607 2*411 5*96 7*38 . 

A’-HjBO, . . 0*818 0*676 0*593 0*567 0*268 0*238 

showing a steady fall in the solubility as the cone, of the nitric acid increases. With 
0*570#-, 2*85A r -, and 5*70#- acetic acid , W\ Herz fotmd sat. soln. contained respec- 
tively 0*887#-, 0*538#-, and 0*208A r -borie acid, at 26°. P. Schiitzenberger 
deacribeci a compound of acetic and boric acids. According to A. Holt, orthoboric 
«cid is readily soluble in hot glacial acetic acid, fgom which it separates out unchanged 
on cooling. The pyro-^cid and boric anhydride arc insoluble, whilst ffietaboric 



BOKON 


57 


acid dissolves to a very slight extent, the soln. depositing the ortho-acid on cooling, 
M. P. Dukelsky studied the ternary system, H 3 B0 3 ~ H 2 0— (CH 3 C0) 2 0. W. Her* 
found the solubility of boric acid and oxalic acid at 25° in grams per 1(X) e.e. of sat. 
soln. to be : 


H s C\0 4 . . 2-2(5 

H a BO, . (517 

5-3(5 12-39 11-27 

15-70 7*4 4 3-4.7 

10-84 10-77 * 10 (53 

0 97 055 0 * 

Solid phase 

Horh acid. 

0\ttll<‘ arid. 

W. Iferz also gave with tart at 

ic acid at 25° (grams per loo c.c. of sat. soln.) : 


rfdnrt.uic ,u-id. 

Marhirie nchft 

h,c,o # . 
h 3 bo 3 

. "(, 51-25 1500 s 

.*5-59 (»-20 7- IS 

9 15 18-90 37 

Oil 0-4K 7-23 


showing that t.he*solubility increases with increasing proportions of acid. G. Mag- 
nanini, A. F. W. Duve, G. Baud ran, and H. Grossmann and 1*. Wieneke observed the 
formation of complexes with tartaric acid. W. Jlerz gqve for soln. with 2‘.'J21, 
18 77, 30*33 molar per cent, of lactic acid at 25". respectively G(j4, 11*53, and 12 !K) 
grins. of boric acid per KXj c.c. of sat. soln. at 25 and G. Magnanini observed the 
formation of complexes with these two acids. P. Muller and li. Abegg also measured 
th<‘ solubility of boric acid in lactic acid. A compound of boric acid with benzoic, 
acid was described by A. Miehaelis and K. Richter ; with c.itiic acid , by A. 8cheibe ; 
and with salicylic acid bv K. Jalms. 

P. Bogdan measured the solubility of boric acid in a<p soln. of sodium chloride 
and potassium chloride at 25' 1 , and W. Ilerz. in a<j. soln. of lithium chloride and 
rubidium chloride, at 25". The results interpolated by A. Seidell, so as to show the 
number of grams rj of the chloride per 100 cc. of sat. soln., with the number of 
grams of boric acid dissolved per RK) c e.*of sat. soln , at 25", when the solubility in 
water alone (q --()) is 5-50 are : 


U 

2 

4 

li 

8 

10 

15 

20 

30 

HOI . 

. 4-92 

4-3(5 

3-8S 

3 50 

315 



- 

laOl . 

. .V20 

4-85 

4 • 15 

4-07 

3-75 

300 



NaOl . 

. 5-40 

5-30 

5-20 

5 15 

510 

VO? 



KOI . 

• 5-157 r 

5-75 

5-85 

5-90 

<100 

li 25 

(i-50 


BbCl . 

. 5(30 

5(52 

5-(57 

5 72 

5-77 

3-90 

<>•10 

O' 55 


P. Bogdan also measured the solubility of boric acid in soln. of potassium and sodium 
nitrates , and in potassium and sodium sulphates , and, expressing the results as above, 
found 5 75 with water alone, </-' 0 : 


>1 • 


. 10 

20 

40 

(50 

80 

NuCl . 


. 5-75 

5 74 

5-72 

5-72 

5 71 

KOI 


. 5-80 

5-8(5 

5-98 

0-12 

0-29 

NaN0 3 . 


. 5-78 

5-81 

5-87 

5-95 

(502 

KNO a . 


. 5*81 

5-88 

(5-04 

(5-20 

0-37 

Na,S0 4 . 


. 5-88 

(500 

0-33 

(5-70 

7-tO 

k,so 4 , 


. 5-92 

(510 

(i-50 

0-92 

7-40 


P. Bogdan added that the raising of the solubility, is the, more marked^tbe weaker 
the acid of the added salt, and is probably to be ascribed to chemical action, ^ 
F. Auerbach gave for the solubility of boric acid in soln. of borax, in mols per litre 
at 25° : 


Na . 

0 

005 

0075 

010 

015 

0-20 

Excess acid over B : Na 

0-885 

1075 

1*165 

1*25 

1*37 

1*61 

Excess acid over 2B : Na 

0-885 

1025 

108 

1*15 

1-22 

1*31 

Total cone. B 

0-885 

1-125 

1-23 

1-35 

1*52 

.1*71 

Combined B 

0 

0-240 

0-345 

0-4(55 

0*635 

0*825- 

Ratio Na to combined B 

— i 

4-8 

4-6 

4-05 

4-2 • 

41 

B in polyborates . 


0-23(5 

0-340 

0-^58 

0-024 

0-811 
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Borax thus augments the solubility of boric acid. M. Puaux obtained soln. con- 
taining boric acid pcj. to a hexaborato, by adding a little calcined magnesium oxide 
to th** boiling soln., and then more boric acid. The magnesia keeps the soln. alkaline, 
and this enables more boric acid to dissolve. For a 10 per cent. soln. of boric acid 
— sp, gr. 1^ >44 — 1*4 grms. of magnesia aie needed ; and for a 20 per cent. soln. 
- up. gr. POSH- 3*5 grms. of magnesia are required. T. W. B. Welsh and 
H. J. Broderson found 1(H) grms. of anhydrous hydrazine dissolved 55 grms. of 
boric acid at room temp. P. Bogdan found that at 25° soln. containing 4), 20, 60 
grms. of urea per UH) grms. of water dissolved respectively 5’75, 5*93, and 6‘31 
grms. of boric acid per 100 grms of water. 

1’. Miller and It. Abegg measured the, solubilities of boric acid in aq. soln. of 
methyl, ethyl, propyl, iso-butyl, and iso-amyl alcohols. Expressing the amount of 
alcohol in per cent, by weight, and the amount of« boric, acid in grams per 100 c.c. 
of sat.’ soln , at 25 '. thev obtained : * 


ClfjOH . 

• ,! \ 

41*5 

50 

58 

00 

100 

it, no, . 

. 5*55 

0 27 

0*81 

7*20 

8*10 

17*99 

cjuoii 

. 20*2* 

12*3 

70*3 

911 

95 

100 

n,HO, • 

. 511 

4 90 

4*34 

5*54 

0*85 

9*47 


. 50*8.f 

791 1 

95 5 

100 

__ 

_ 

If,, MO, . 

3*99 

2*83 

3*58 

5*90 


— 

c 4 ii # o»r . 

0*70 

2*18 

71*4 

771 

85*0 

100 

II 4 B<>, . 

5* 18 

5*32 

2 00 

2*15 

2*01 

4*30 

(\H,,()II 

IMIS 

0*525 

07*20 

75*54 

83*40 

100 

11,, HO, . 

518 

5* 10 

1 i>0 

l 09 

1*98 

3 54 


The results are plotted m Fig 11. The sp. gr of the soln. were also measured. 

A. SeidelJ has also measured the solubilities of 

^ T Sldn * 1,1 cthvf alcohol at In" and 25"; and 

Ap I P. Bogdan, the solubility in propyl alcohol. The 

^ h/5 - - / diminishing solvent power of aicohol for boric 

^ • / n? _ / acid as the amount of water increases is attributed 

*§ /jp ‘tel to the breaking down of a compoun I wit i alcohol 

^ 3 * 03 5 - —/W Et I and boric acid ; and the variation in the different 

^ / alcohols is taken to indicate that the affinity of 

§ Vv ■&[ hnrir and for •alcohol with increasing carbon 

^ 0 75 -V content, decreases more rapidly than the affinity 

v — \ -- - nW i of boric acid for water. The limited miscibility 

^ . . higher alebhols in water accounts for the 

^ -55 yySy dotted lines in the curves. 

gj • Jb Hooper measured the solubility of boric acid 

5 OK in Mrams per UK) grms. of t\ hteerol of 

^ I I 1 H T- p- 1 -«"«» 1-T.r. and found: 

/OO 75 50 25 0 % Wdttr n" 10 ' -if 40 ° t:u" hii 1 109 0 

0 25 50 75 t00%dlcobol H 3 B0 3 . 20 24 28 38 50 01 72 

Fio. 11. Solubility of Doric Acid in . ^ * 

Mixture* Vlc'ohol ami \VHt*r 25*. W. Her z and M. Enoch found that at 25°, 

> * • , 1W grms. of a solvent containing w per 

cent, of glycerol, dissolved the following percentage amounts of boric acid : 

Glycerol soln., n . 0 7 15 31 55 40 05 48 7 00*2. 100 

H.BO. . . . 550 5-38 5*29 5*41 .VfU 7-1*? ioo<> 


2(r 4o° r.o u so" loo 0 
28 38 50 01 72 


P. Muller and R. Abegg, and A. M. Ossendowsky also measured the solubility of 
borjc acid in glycerol. P. Muller and It. Abegg measured the solubility of boric 
a$i(i in aoln.«of dulcitol and of mannitol and g^ye for soln. containing 0 065, 0130, 
and 0*260 molar per ce#t. of dulcitol, C 6 H 8 (()H) 6 , the respective solubilities 5*50,’ 

♦ 
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5 63, and 5 81 ^rms. of boric acid per 1U0 c.c. of sat. soln. at 25°. Expressing the 
results in grams per 100 c.c. of sat. soln.. F. Ageno and E. Valla found for Mannitol, 
<’ 6 H 8 (OH) 6 ,at25 3 : 

Mannitol . 0 

HjBOj . . 5o0 

Solid ph.iMi 

G. Magifanini's observations are discussed in connection with tin* electrical con- 
ductivity of aq. soln. of mannitol and boric acid. 

H. SchifT, and H. Rose said dried ether dissolves only truces of boric acid, and 
J. A. Rose showed that the solubility increases with increasing proportionate water. 
Thus, 100 grins, of dried ether dissolve O 00775 grin, of boric acid, and 100 arms, 
of ether sat. with water .dissolve 0 2391 grm. He also measured the partition 
eoeff. as indicated above, and found for 1LO : (G.jHjhd.) -1 : 45'37 at 27°, 1 : H (52 
at 17 J . G. II. Wester and A. Bruins found UK) grins, of diehloroethylene , at 15 , 
dissolved 0(K)6 grm. of boric acid ; and 1(H) grins, of trichloroethylene. 0 01(5 gnu. 
1*. Bogdan measured the solubility of boric acid in acetone sR 20 , and W. Jlerz and 
M. Enoch, at 20 ’. The latter give, per I*K) c.c. of solvent : 

Acetone . . 0 20 40 00 * 80 100 

h 3 bo 3 . . 4-in r»u7 .via 4-:i a-4i o-5o 

,). Timmermans found that w r ith a (51 per cent soln. of phenol the molar cone, rose 
from 1291 to l'(52. II. Rose found boric acid dissolves in many essential oils. 

The relation o! boric acid to indicators. -According to M. Faraday, 10 and 
]\I. Desfosses, turmenc papei dipped Hi a soln. of boric acid is quickly coloured 
brownish-red. and when the paper is dried, the effect resembles that produced by 
a weak alkali. The original colour is restored by washing the paper. 1 lie mineral 
acids and oxalic acid produce a bright ted with the browned paper, and alkalies 
turn tlr brown paper into various shades of yellowish- red, purple, and blue. If 
the browned paper be heated, the turmeric yellow is almost restored. The effect 
produced by a<j. ammonia or hydrochloric acid on the browned paper is lost by 
volatilization. Boric acid in all states of dilution reddens turmeric paper, but 
with \ery dil. soln., it requires a few minutes to produce tlx- effect Soln. once 
made acid, redden litmus and turmeric, however much they be diluted, so that the 
acidified soln. does not become alkaline when diluted. A cold sat. soln. of boric 
acid colours blue litmus wine-red, and, according to F. J. Malaguti, the colour 
become^ bright when the soln. is heated. 1). Klein showed that a soln. of boric 
acid which is so diluted that it, does not read to litmus, develops a strong acid 
reaction if glycerol, ervthritol, mannitol, or galactose is added ; blue litmus, he added, 
is reddened by bone acid in the presence of mannitol if but 0 OOdObth of boric acid 
is present These carbohydrates accentuate the* acidity of boric acid. Quercitol 
does not hIiow the reaction. The reaction has also been discussed by J. A, Rose, 
R. T. Thomson, etc. F. A. Fluckiger and R. T. Thomson noted that phenol phi h akin , 
reddened by the addition of an alkali, is decolorized by boric arid. In the titfation 
of borax with O'oA-hvdrochloric acid, grid p-nitropheriol as indicator, the soln. 
reacts acid only when all the soda has been neutralized ; ^-nitrophenol is indifferent 
to boric acid. The boric acid can then be titrated In the same liquid* with the 
same standard alkali by using phenolphthalein as indicator, in„ the *p rose net? of , 
glycerol or mannitol. J. L. Gay Lussao used litmus as indicator in titrating boric 
acid ; F. Parmentier, and A. Joly, heliuntlnn ; R. Engel, Porrier s soluble blue ; 
A. Guvard, ha maioxyhn ; V. de Luynes, orceine ; Schwarz, conyo red; 
R. T. Thomson, laemoid ; L. Barthe, tincture of rose, leaves ; L. Robin, tincture of 
mimosa blossoms ; H. N. Morse and W. M. Burton, and A. Joly, tropceolin ; II. T, 
Thomson, and A. Joly, methyl orange ; R. T. Thomson, pheiwlaeetohn. 

When two electrodes of the sajne metal are. placed in two soln.* in electrical 
contact containing the ion of the metal in different cone.. GT and C* respectively, 
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the difference of potential, E, is given fairly closely by £=0'000198r/^log 10 Oi/C 2 )/n, 
when is the valency of the ions of the metal in sol n., and T is the absolute temp. 
The principle can be employed to determine, say C 2 , the cone, of the H-ion in soln., 
for, at 18°, with the normal hydrogen electrode Ci—1, and n~l, the measurement 
of E enables C 2 to be calculated from j?=0'058 logjo (l/Cg). W. Bottger 17 first 
us<jd this principle for the electrometric titration of acids and bases. According 
to J. Htieglitz, indicators can be regarded as acids and bases which take part in 
the equilibrium of the system in virtue of the H'-ions or OH'-ions, for, ewn if the 
colour changes are directly dependent on tautomeric structural changes, the change 
of colour is a function of the H'-ions, and, as A. A. Noyes has emphasized, if the 
ionization constant of the indicator be known, the cone, of the H'*ion at which the 
colour change occurs can be computed. II, Friedenthal, W. Salessky, B. Fels, 
8. P. L. Sorensen, K. Nairn, etc., have determined the cone, of the H -ion at which 
the colour change occurs, and the following is a selection from the results of the 
last named : • • 


Representing the roifK of the M'-ion in terms of the nearest- power of 10, cochineal is 
yellow for 10 4 , yellowiHlijpmk' for Hr 6 , and lilac for 10 -0 ; Congo red is blue for 10“ 3 ; 
violet for 10 4 ; reddish-violet for 10 5 ; orange for JO *; and orange-rod for lO" 7 ; 
hr Hunt It in is yellow' with It)' 1 *, mid lilac with Mr 11 ; Ittmntt is red for 10~ 5 ; reddish-violet 
for 10'*; violet for It)' 7 ; «m<l blue for 10"; noth y( red iH red for 10“ 3 ; pinkish-yollow 
for 10 ®; and yellow for 10 " ; nnthi/l mangr is rose-rod for I0 _l ; orange for 10~‘; pinkish- 
yellow for I O' 6 ; and yellow for 10 p-tulrophenol is coloiir loss for 10~ 5 ; light green for 
10'"; and yellow for 10 7 ; phenantoltn is yellow' for 10' 4 ; brownish-red for K)~* ; rose- 
red for 10 *; violet-red for 10 11 ; and coloui less for I0” 13 ; phenolphthulem is colourless 
for It) * ; and red for 10 *; while tropmdtn 00 is cherry-red for It)' 1 ; flesh-colour for 
10"* ; and yellow for 10 1 . 


In Fig. 12, the c.m.f. expressed in terms of the computed cone, of the H -ion 
is plotted during I hi' addition of standard alkali to a soln. of boric acid and of 

• hydrochloric acid. The greater jump in 

(0 r the riul j, ( > w jth hydrochloric acid than 

!Q U ' - - with boric acid shows that in the former 

-// f ease a slight addition of alkali sutlices to 

§ O' change the cone, of the H -ion through a 

s? /o '° f- /j - - range from 10~ 2 to 10 1() , whereas with 

IQ* . _ boric acid # alone, the range is very 

-e uartow on each side of Kl'-O. Other- 

^ fO r wise expressed, in titrating hydrochloric 

§ ® 7 l^W~4^~A a< ‘i ( i with alkali, the aciditv of the soln., 


^ in 6 V Xy A *'’• tht cone, of the II-ion changes 

^ R through a range great enough to include 

§ JO 5 / 77 the colour changes characteristic of most 

§ tO* I /& ! indicators, but with the titration of 

i fir T hydrochloric acid with methyl orange 

K) fi. as indicator a very slight addition of 

/(f : alkali at the end-point is sufficient to 

I , change the acidity, that is, the cone. 

0 5 10 15 iocxUhOH of th f H '; io " through & range great 

. # . A . .. . enough to include all the colour chaDges 

' 1(4 12. lfloetrornetno Titration of Hydro t ■ i- *. .. 

ehlorio Acid, ami of Boric Acid (with and the m question. With 

without Mwmite) by Standard Sodium f K)ri( * acid, however, the rapid change 
Hydroxide. * in acidity at about 10~ 9 , throws out 


methyl orange changing between 10~ 4 
and 10" 6 , long before the eq. amount of base has-been added ; nor does phenol- 
phthalein changing at 10~ 8 give a satisfactory end-point. An indicator changing 
colour irt*ar the middle of the jump in the curve will in general give the sharpest 
end-point. # The cone, of the H -ion at which an indicator changes colour 
may be different from^E. SaJm a value, but if 1, 3, 5, 7, 9 grms. of mannitol be 
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progressively added, there is a proj)ortionate increase in the H'-ion cone, of the 
soln., until the strength of the boric acid becomes great enough to permit its 
titration with phenolphthaloin. An indicator changing at 10 -11 would permit 
the titration of boric acid without the addition of mannitol. The subject has 
also been studied by E. Rimbach and P. Ley, and R. Dubrisay. • 

Some chemical properties of boric acid. — H. Sehiff and R. Sostini 18 ’found that 
io din e has no action on boric acid. The action of hydrochloric acid is indicated 
in dealing with the solubility ; similar remarks apply to aq. soln. of the alkali 
chloridetf. H. Baubigny and P. Rivals found boric acid decomposed hot soln. of 
chlorides, or bromides provided the soln. is sat. If hydrogen bromide bo passed 
into an alcoholic soln. of boric acid, J. Nickl&s found that boron bromide and a 
complex of that salt with alcohol are formed. R. Hdpke investigated the mlluenee 
of boric acid on the reaction between iodic acid and sulphur dioxide. II. N. Warren 
found that if boric acid be added to molten sodium chloride, a layer of fused borax 
appears under the molten sodium chloride ; and M. G. Levi and, S. Castollani pro- 
posed the reaction for converting boric* acid into borax. G. Ubaldini found that 
iodine separated when an alkali iodide is triturated with bbric acid provided air 
has free access or the soln. be hot. H. Baubigny and’P. Rivals also observed that 
boric acid decomposes a cold soln. of potassium iodide with the separation of 
hydrogen iodide, but P. Georgievic said that boric acid«does not liberate iodine 
from a mixture of potassium iodide with potassium iodate, or nitrite. 

The action of sulphuric acid, and of potassium and sodium sulphates, has been 
discussed in connection with the solubility of boric acid ; and the action of sulphuric 
acid, and sulphur trioxide, is treated in connection with boron sulphate. Boric acid is 
so weak an acid that it is readily expelled from many of its combination-*, and partially 
so even by hydrosulphuric and carbonic abid. A boiling cone. soln. decomposes soluble - 
sulphides, as well as manganese sulphide. In a dry way, at high temp., boric acid 
will decompose the salts of all more volatile acids. II. Schulze studied the action 
of boric acid on colloidal antimony sulphide. A. fttard found boric acid has no 
action on a soln. of ammonium magnesium sulphate, (NH 4 ) 2 S() 4 .MgS() 4 .0Hi ! (), 
hut if some hydrogen peroxide be present a white precipitate is formed. The action 
of various organic compounds oil boric acid has been discussed in connection .with 
the solubility of boric acid. 1). Klein studied the action of polyhydric alcohols 
on boric acid. E. Tiedc and E. Birnbrauer said that boron oxide forms a carbide 
when it is heated with carbon. As indicated above, carbonic acid will displace boric 
acid from the borates, but a boiling cone. soln. will decompose the carbonates. 
F. Ageno studied the partition of sodium oxide between boric and carbonic acids. 
When 0.13 the total cone, of the sodium oxide, x thut required by the combined 
carbonic acid, C the total cone, ofrthe carbonic acid, then, with soln. sat. with boric 
acid— 0*90 mol per litre, then K— Q'Wxfta- x)(C- x ) ; but A, at 25°, varies from 2’37 
to 0 827 as the cone, of the sodium oxide is increased. The deviations from con- 
stancy are said to be due to variations in the solubility of carbon dioxide in the 
presence of borates and hydrocarbonates ; and to the formation of poly borates 
with increasing cone, of the sodium oxide, P. Georgievic found boric acid has no 
visible action on soln. of the alkali carbonates or bicarbonates, but, added C. Jehn, 
effervescence, qccurs if glycerol, honey, or one of the, polyhydric alcohols be present ; 
neither quercitol nor glycogen has any action. L. lieed t found that by mixjng boric 
acid and calcium Carbonate (1 : 20) with water to form a slip, a hard cfement-like 
mass is obtained in a few days — the setting is retarded by mercuric iodide, lead 
chromate, and ultramarine. F. de Lalande and M. Prud’ ho mme* showed that a 
mixture of boric oxide and sodium chloride is decomposed in a stream of dry air 
or oxygen at a red heat with the evolution of chlorine. 

The effect of boric acid on the setting of hemihydrated calcium sulphate is 
treated in connection with plaster of Paris. H. Rose found if an aq. soln. of boric- 
acid and ammonium is evaporated to dryness, and the mixture calcined 

with the exclusion of air, some boron nitride is formed ; ammonium nitrite furnishes 
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no nitride under similar conditions. TV effect of potassium and sodium nitrates 
is discussed in connection with the solubility of boric acid. It has ten suggested 
that boric acid can be used in the preparation of nitric acid from Chili saltpetre, 
and so obtain borax as a by-product. F. Auerbach found that a complicated con- 
dition of equilibrium occurs with a mixture of boric and arsemous acids competing 
for a Hodium'oxide insufficient for complete neutralization. Both acids form com- 

plex compounds. * .... " . 

(J. F. Jaubert foil ml sodium dioxide convert, s boric acid into a perborate Jf/.v.). 
A, jttard prepared barium diborate , BuiBO.'.-BBO, by tJic action of bdriuifi dioxide 
on boric acid. By the action of boric acid on a mixture of c&Icium oxide and boric 
oxide, 0 Bigot and J. Hehreiter obtained what they regarded as dicalcium diborate , 
Oa gfigOg, from which he made the letrasodium diborate by treating with sodium sul- 
phate. L. de Koningh ignited a dried mixture of boric acid and an excess of 
ammonium zincate, and obtained zinc oxide free* fro in- boric oxide. T. Bergman 
in his arguments ;n favour of regarding sal mlaticu/n as an acid stated : “ The 
acid of borax attacks metals with difficulty.*’ (\ Tissicr, and H. Bose found calcium 
hydroxide dissolves in*u boiling colic soln. of boric acid ; calcium and barium car- 
bonates do not dissolve ; hydrated magnesium carbonate dissolves quickly ; the 
anhydrous carbonate docs not dissolve ; and calcined magnesium oxide slowly ; 
ferrous hydroxide dissolves, and if air be present, ferric hydroxide is precipitated ; 
manganous hydroxide dissolves and remains in soln. on exposure to air; and zinc 
oxide, aluminium hydroxide or oxide and ferric oxide dissolve in the soln. 
1\ (leorgievie found that the brownish- red colour of ferric chloride in acetate soln., 
or the violet colour of ferric chloride in phenol soln. is discharged by boric acid. 
M. Bertbelot said that boric acid converts potassium chromate to the diehromate, 
but 1\ Sabatier found verv little action. Wfien bone acid is heated with ammonium 
flUOSilicate, K Stolbu found ammonium hnrotluoude is formed L. Kuhlenbcrg and 
W. .J. Trautman did not succeed in reducing boric oxide by silicon. The tendency 
of boric oxide or acid to fonn eomplexes # is well illustrated bv its compounds with 
inorganic acids as well as by tin* corresponding salts; e.g., borophosphates, boro- 
arsenites, borotungstates, boromolybdates, and boro vanadate* q e. 
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$ 9. The Alkali and Ammonium Borates 

A. C. Reischle 1 prepared lithium orthodihydroborate, LiH 2 B0 3 .7H 2 0, by mixing 
aq. soJn. of boric acid, and of lithium oxide made bv igniting the nitrate qf hydrogen, 
and evaporating to crystallization in a vacuum. It, forms thin, hexagonal tabh's, 
which are described in detail in the paper, togethe r with the method of analysis. 
The wat<y of crystallization is lost at 110°, the remainder at 160°. H. le Chatelier 
prepared triclinic plates of anhydrous lithium met&bor&tes or dibor&te, Li 2 0.B 2 0 3 , 
or LiBO.,, by melting boric oxide with the calculated quantity of lithium carbonate ; 
and A.C. Reischle by adding an alcoholic soln. of boric acid to a soln. of lithium metal 
in absolute alcohol. The white crystals obtained by the latter process contain 
alcohol of crystallization which i^i not removed in vacuo, but is expelled by gentle 
heat. H. S. van Klooster gave 813° for t he m.p. of lithium metaborate. G. Tamfuann 
found that the heat of soln. of the metahorate glass in A'-HCl is 259 cals, per gram, 
and of the crystals, 203 cals, per gram. Hence the heat oi crystallization is 50 
cals, per gram. 

C. L. Bloxam found that at a bright red heat, a mol of boric acid expels 2 5 mols 
of carbon dioxide from 3 to 5 mols of lithium carbonate. (}. Riband studied the 
f.p. curves of the binary system Li 2 0— B 2 0 ;1 and found a maximum corresponding 
with lithium metaborate, LiB0 2 , fusing at 840°, and one corresponding with lithium 
tetraborate, Li.jO. 2 B 2 O;,, fusing at 900°. By applying the phase rule to the lithium 
borates in aq. soln., AI. Dukelskv studied the ternary system: Li 2 0 B 2 0 3 -H 2 (),ai30°. 
The region of stability of the solid 
phase LiOH.HoO is represented in 
Fig. 13 by the area nbLiOH.HoO ; 
the jihase Li() 2 .B 2 0 3 .K)lI 2 0 by the 
area l>cM ; the region of stability 
of the phase Li 2 0.2B 2 0 3 ,wH 2 0 was 
not clearly established ; the jihase 
Li 2 O.B 2 O 3 .10H 2 O, by the area deP ; 
and of bone and, B(OH) 3 , by the 
area feli. 

H. le Chatelier prepared octo- 
hydrated lithium metaborate, 

Li 2 0.B 2 0 ; ,.16H 2 0, or LiB0 2 .8H 2 0, 
by crystallization of a soln. of the 
cake obtained bv melting 2 mols 
of lithium hydroxide with one ot 
boric oxide, or by crystallization, 
in vacuo of an aq. soln. of lithium hydroxide free from carbon dioxide and 1 to 3 mols 
of boric acid. The region of stability is shown in Fig. 13. The trigonal crystals were 
found by P. Termier to have the axial ratio a : c= 1 : 0 944, and a --81° O' ; and the 
sp.gr. P38 ; H. le Chatelier found the sp. gr. to be 1397 at 14'7°, and the m.p. 17°. 
The crystals slowly effloresce in air ; and, according to A. C. Reischle, they lose 7 
mols of water set 114°, and the remaining mol at 160°. The heat of formation is 
B20 33 oin.-f2LiOH so in-lB-6 Cals. ; the heat of hydiation is 43*4 Cals. ; .the heat 
of soln., — 28*4 Cals. The crystals have a positive double refraction. # A. Bosenheiffl 
and W. Reglin found that the solubility coeff. is positive, and the depression of the 
f.p. of soln. is normal. They gave for the solubility of the salt (grams per 100 grms. 
of soln.) 0 89 at 0° ; 3 42 at 25 6° ; 9*42 at 38 8° ; and 147 at 44*8° ; while H. le 
Chatelier gave 070 at 0° ; 191 at 15° ; 37 at 27*5° ; 5*28 at 31*5° ; 91 at 37 5° ; 
14*3 at 43° ; and 20*0 at 45°. The last number is considered to be too high. 
F. M. Jager found for the anhydrous salt the surface tension in ergs per sq. cm., 
261*8 at 879*2°, and 192*4 at 1520°. The salt melts 845°. G. Ribaud.gave 840°, 
for the m.p. F. M, Jager found the salt begins to give off ^apour at about 1200°, 
vol. v. 
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and that the vapour is alkaline. The volatilization of lithium oxide is fairly rapid 
at 1300°. 

In 1818, J. A. Arfvedson 2 boiled an aq. soln. of boric acid with an excess of 
lithium carbonate, and when the evolution of carbon dioxide had ceased, he filtered 
the clear IJquid from the excess of carbonate, and obtained on evaporation a syrupy 
liquid which when rubbed up with alcohol a number of times, furnished a white 
crystalline powder. C. G. Gmelin obtained this salt in the form of a transparent 
green mass ; and M. Dukelsky could obtain only a colloidal form Jrom aq. 
soln. F. Filsinger’s analysis agrees wifch pentahydrated lithium tetraborate, 
Li2O.2B2O3.5H2O, or Li 2 B 4 0 7 .5H 2 0. M. Dukelsky’s study showed that such a 
borate is formed in aq. soln., but he did not establish its composition, nor locate the 
course of the curve between e and d, Fig. 13. J. A. Arfvedson’s crystals were said to 
have an alkaline taste and reaction ; and to be soluble in water F. Filsinger said 
that two-fifths of the water are lost at 200° ; to swell up and lose their water of crystal- 
lization when heated, and ultimately to fcise to a transparent glass. F. Filsinger 
obtained what he regarded as hexahydrated lithium hexaborate, LiB 3 0 5 .3H«0, or 
Li2O.3B2O3.OH2O, by crystallization from a soln. prepared like the tetraborate, 
and mixed with an eq.* amount of boric acid. The salt was found to behave like 
the preceding salt when heated ; to be readily soluble in water, and insoluble in 
alcohoj and ether. M. Dukelsky did not find the salt in his exploration 
f. ]' n \ u ; obtained deeahydrated lithium decaborate, LiB 6 0 8 .5H 2 0, or 
Li 2 0.,)B 2 0 3 . 10H 2 0, stable m the region deP , Fig. 13. H. leChatelier obtained insoluble 
prismatic crystals of what he regarded as lithium octoborate, Li 2 0.4B 2 0 3 .(wH 2 0) 
or Li 2 B 8 0 1 3 .(wH 2 0), by extracting with water the cold cake obtained by the fusion 
of a mol of lithium carbonate, with six iuqIs of boric oxide. M. Dukelsky did not 
find this sa t in his study of the stable phases in aq. soln. at 30°. A. C. Reischle 
suggested that some of these borates are mixtures with carbonate. J. A. Arfvedson 
Jj. Bloxam, E. Mallard, and H. Rose.measiy'ed the amount of gas expelled from 
sodium carbonate when fused with a mol of boric acid, from which it appears that 
at a dull red heat, a mol of boric oxide drives off a mol of carbon dioxide from 12 to 
3 1 in.ols °f fl0( rar t>onate ; and at a bright red heat, 15 to 2'3 mols of carbon 
dioXule from I D to 5'6 mols of sodium carbonate. C. L. Bloxam also measured 

i '!r wf 7 U n r °. XpelI . ed wht ‘» s odmm hydroxide is fused with boric acid, and 
found that a mol of boric oxide can displace 3 mols of water from the fused hydroxide 

Cltod aa evidencc of the formation of the basic sodium 
• dNa 2 0.2B 2 0 3 was given by J. A. Arfvedson, and H. Rose • 5Na o 0 3BoO 
by L L. Bloxam ; and 3Na 2 0.B 2 0 3 , by C. L. Bloxam and E. Mallard. 

Fonoinamil studied the binary system with borax and boric oxide, and 
obtained evidence of the formation of sodium hexaborate, Na 2 0.3B 2 0 3 or Na 9 B«0in 
m p. 694 ; and of sodium octoborate, Na 2 0.4B»() 3 , or Na 2 B 8 0 13) m.p. 783°. These 
salte form mixed crystals with .each other and with boric oxide. P M Dukelsky 
studied he eq. conditions in the ternary system : Na 2 0-B 2 0 3 -H 2 0 at 30“ and 

tmtoZ Trt't iU Une A ,"P- the p£2 

N«!o°B^ifo\^^ B80? ' Ht ^ TOt ? 8pondiug with the re « ion bMc - 

j ’ th ® reg ‘°“ c0rf ® nd oxtent % as an unstable phase aloni the 
dotted ourw dm; the pentahydrate Na,0.2BA.5H s 0 also appeal in the lion 

S^O B a nZu°^ rVei ^ M - D “^ bk y SO-. are 

n 1 Na20.5BA.10H s 0-/^,- NaOH.HjO-iVoi ; and 

‘fp?r 3 »7ro»' pha8t8 N ** 0B ^ 8H S.° and Na 2 O.2B 2 O 5 10H s O do not 
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J. J. Berzelius, and G. M. Wunder made anhydrous sodium metaborate or 
diborate» Na2O*B 2 0s> or NaBOo, by heating a mixture of equi-molar parts of sodium 
carbonate and borax. According to A. Stromcyer, by mixing alcoholic soln. of 
sodium hydroxide and boric acid, crystals of borax and a viscid liquid arc produced ; 
the latter furnishes crystals of anhydrous sodium borate after standing Ikomo time. 
M. Aschkenasy prepared the metaborate by adding powdered crystalline borax» to 
a cone. soln. of sodium hydroxide and drying the solid in vacuo at a moderate 
temp. §. Motylewsky found the drop-weight of the molten salt to be 229, when 
that of water at 0° is 100 mgrms. F. M. , lager, and R. Lorenz and W, Herz gave 



Fio. 14. — Ternary System, Fin. 15. - lOquililmuiu Conditions in the 

Na e O B,Oj— H,0, at 60° • Ternary System, Na # 0 -B,O s H a O, at 30°. 

112*3 for the surface tension of sodium metaborate in ergs per sq. cm. at its b.p., 
and 201*1 at its m.p. H. S. van KJooster* and F. M. Jiiger gave 966° for the m.p. 
of sodium metaborate. The latter found vaporization begins at 1230°, and is 
rapid at 1350°. R. Benedikt prepared crystals of tetrahydrated sodium diborate, 
NaB0 2 .2H 2 0, or Na2O.B2O3.4HoO, by fusing a mol of the* metaborate with two 
mols of sodium hydroxide, and allowing the aq. soln. to crystallize. M. Dukftlsky 
showed the zone of stability of this salt to be br.M, Fig. Hi ; R. Benedikt 
prepared this salt by melting the higher hydrate in its water of crystallization, 
and drying the needle-like crystals in vacuo ; and also by evaporating a soln. of 
borax with an excess of sodium hydroxide to a syrupy liquid, and allowing 
the product to crystallize. A. Rosenheim and F. Leyser confirmed M. Dukelsky’s 
work as to the existence of the three salts, Na 2 0 : B 2 () 3 : H 2 0=1 : 1 : 8 ; 1 : 2 : 10 ; 
and 1:5: 10. A. Atterberg claimed to have made prismatic crystals of the 
two hydrates, Na 2 0,B 2 03.4T)H 2 0 and Na 2 0.B 2 0 3 .r/5H 2 0, but there is no 
evidence that these products are not partially dehydrated octohydrates, or 
imperfectly dried tetrahyd rates. Similar remarks also apply to J. J. Berzelius’ 
hexahydrate, Na 2 0.B 2 0 3 .6H 2 0, which he claimed to have made as a confused 
mass of crystals, by melting the octohydrate in its own water of crystalliza- 
tion, and cooling the product to 0°. B. Bechi found a salt of a similar 
composition as an incrustation at the boric acid lagoons of Tuscany. Accord- 
ing to J. J. Berzelius, an aq. soln. of the metaborata in hot water yields when 
slowly cooled in a covered vessel, large oblique rhombic prisms of ooiohydrafod • 
sodium diborate, NavjO.B^.S^O, or NaB0 2 .4H 2 0. H. Hahn believed the crystals 
to be monoclinic; R. Benedikt, triclinic. 0. F. Rammelsberg also made some 
observations on these crystals. M. Dukelsky represented the region of stability 
of this hydrate at 30° by the area cdO , Fig. 15. R. Benedikt also made crystals of 
the same salt by concentrating a boiling soln. of equi-molar proportions of sodium 
hydroxide and borax to a thin syrup, and leaving it to crystallize over cone, shlphuric 
acid. According to J. J. Berzelius, the crystals melt at 57° in their water of crystal- 
lization and on cooling, crystals of § a lower hydrate are farmed ; when heated to 
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a still higher temp., the salt tumefies, forming a frothy mass, and at a still higher 
temp. R. Benedikt obtained a clear glass. The dehydrated salt rapidly absorbs 
carbon dioxide from the air, and is gradually converted into a mixture of borax 
and sodium carbonate. The same change occurs when the soln. is exposed to air, 
but when V-boiled the carbon dioxide is gradually expelled. H. S. van Klooster 
fofind that with lithium metaborate, melting at 843°, and about 42 molar per cent, 
of sodium metaborate, melting at 960°, there is a eutectic at 648°. H. V. Regnault 
found the sp. lit. to be 0*2571 between 17° and 97°. J. Thomsen’s observations on 
the neutralization of boric arid with sodium hydroxide (vide boric acid) show that 
the heat developed is proportional to the quantity of alkali until the ratio Na : B=1 : 1 
is attain'd, the heat developed then becomes small possibly owing to hydrolysis. 
L. Kahlenberg and 0. Schreiner’s and H. 8. Shelton’s measurements of the electrical 
conductivity and f.p. of soln. of sodium metabQrate show that polyborates are 
probably formed. P. Walden measured the electrical* conductivity, A, of a soln. 
containing a mol Of sodium metaborate in v litres of water at 25°, and obtained 

V *3*2 (14 128 250 512 1024 

A 73*3 • 77-8 81-4 84*3 800 89' 1 

and from the difference A 102 4 — he showed that metaboric acid is dibasic, although 
hydrolysis interferes witfi the application of Ostwald’s rule. Aq. soln. of sodium 
metaborate react feebly alkaline, owing to hydrolysis — vide infra. L. Kahlenberg 
also said that the soln. contains but few hydroxyl-ions. E. Polenske obtained 
crystals of sodium metaborate with alcohol of crystallization, Na^O.BoOjj.DC^OH, 
in the residue obtained by distilling borax with methyl alcohol. 

The mineral tinkal or tincal or crude borax was described by G. Agricola, and 
by J. G. Wallerius. It was originally brought to Europe from a salt lake in Tibet, 
where it occurs in the deposits from several lakes, and at Pugatal (Rupschn), there 
is a deposit about a metre thick containing sulphur, borax, sodium chloride, 
ammonium chloride, and magnesium .fnd alftminium sulphates. The Thibetan 
de|K)sits have been described by R. Saunders, and H. von Schlagintweit. The 
former described the, extract ion of tincal from the borax lake of Thibet. This 
lake. is 20 miles in circumference, and is fed by springs and not by rivers and 
streams. It is frozen over for the greater part of the year. The tincal is deposited 
iff the bed of the lake, and collected in the summer months from the shallowed 
depths and near the bank. Rock salt is also found in* the deeper parts, but not in 
the shallows and borders. The cavities made by digging out the tincal soon fill 
up again. The following is from H. Void’s analysis of tincal from Tibet : 

IljBOj N*V> K j() CoO M«0 SH) a H,0 Cl H 4 S0 4 Sand, ole. 

36 • 89 16*48 0*013 0*21 0 19 0*05 44*64 0*17 0*22 0*78 

In addition, alumina, 0*0013, and ferric oxide, 0*0008 per cent., with traces of manga- 
nese oxide, and carbon dioxide are found. The salt was originally purified in Holland, 
and France, and at Venice —hence the name borax venela. Ordinary borax is d6C&- 
hydrated sodium tetraborate, Na;,B 4 O 7 .10H 2 O, or Na 2 0 . 2 B 2 03 . 1 oH 2 0 ; and it is 
also failed sodium biborate or diborale. Borax also occurs at Viquintizoa and Escapa 
in Peru ; in the Sirdian steppe, Persia (H. Winklehner) ; at Halberstadt in Tran- 
sylvania (J D. Dana) ; in the Sambhar Lake, India ; Kertsch and Taman (Russia) 
(W. 8. Winadsky and S. P.rPopoff) ; and in Ceylon (J. R. Blum) ; near the soffioni 
• of*Tuscany (E. Jiechi), but G. d'Achiardi found only traces of sodium in Bechi’s 
samples at Pisa, at Chambly, and St. Ours in East Canada ; in Borax Lake, in 
California, etc. The crude borax can be purified from earthy and fatty matters, 
sodium chloride, sodium sulphate, calcium borate, etc., by digestion with water, 
filtration, and crystallization. R. von Wagner removed the fatty matters by 
washing with a 5 per cent. soln. of sodium or calcium hydroxide ; and M. Clouet, 
by calcination with 10 per cent, of Bodium nitrate. A. Payen, G. Lunge, P. J. Robi- 
quet and R, L. Marchand, and E. Durand have also described processes for 
purifying borax. & 
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Before 187(5, European borax was made by mixing a soln. of boric acid with the 
proper proportions of sodium carbonate, sodium hydroxide, or sulphide as described 
by F. Witting, F. Jean, A. Payen, or 0. Kohnke. The range of stability of the 
salt at 30° is shown in Fig. 15, and at 60°, in Fig. 14. Borax crystallizes best when 
about an excess of 5 parts of soda crystals per 100 parts of borax is present —if the 
excess be too great, metaborate, NaBCL.ll^O, will be formed. If the* hot liqyid 
be to cone., octahedral borax, NaoB 4 0 7 .10H 2 0, will f>e formed. The best crystals 
are produced by very slowly cooling the hot soln. of the correct sp. gr. in large vats. 
Finely powdered borax is produced from the detritus of borax crystals, or by agitat- 
ing the crystallizing liquid in small vats. Other processes have been suggested for 
converting boric acid into borax. For example. 0. Lunge proposed fusing die boric 
acid with soda ash, digesting the product with water, and crystallizing die soln. 
The ammonium sulphate in Tuscany can be recovered as ammonium carbonate. 
H. N. Warren, and N. Tate .suggested fusing the boric acid with sodium chloride — 
hydrogen chloride is a by-product. Heating the boric acid with, sodium sulphate 
has also been tried. 

The crude borax from the tinea! beds, or salt marshes — 1 \<). Saline Valley, Inyo 
Co., Cal. — contains sand, sodium sulphate, carbonate, Mr chloride, admixed 
with 10 -90 per cent, of borax. The process of purification is simple. It has been 
discussed by E. L. Fleming, C. N. Hake, etc. The surface to depth of 18 ins. is mixed 
with boiling water in large iron pans. The clear liquor is run from the sediment into 
iron vats when tin* borax crystallizes out first ; the mother liquor is cone, and again 
allowed to crystallize, after which it is allowed to run to waste'. The borax in tbo 
waters of Searle's Lake, San Bernardino, Cal., is extracted by 0. P. Burnham's 
process of fractional crystallization at different cone, and temp, so that the salts 
‘are separately deposited in different ponds. According to L. W. Chapman : 

In Burnham s process several ponds are provided and the potash is made by running tbo 
biino into shallow ponds during the summer days, then into deep ponds at night in order to 
retain the heat. By continuing tho process, the evaporation is maintained until the brine 
becomes sat. with KO. At this point, the hi me is circulated between two shallow ponds, 
and, on cooling at night, the potassium chloride ciystallizes out in one pond, and during 
the day further evaporation of the sodium chloride crystallizes out in the other. Borax 
is made by running tho brine into shallow ponds at night during tho winter to cool, sodium 
sulphate and sodium carbonate being deposited. When the brine is coolest, in the early 
morning, it is run into deop ponds, where tho temp, is muintainod for several days, tlfo 
borax gradually crystallizing out. 

Borax is derived from eolemanite of Death Valley and at Lang, near Los Angeles ; 
from pandermitc of Asia Minor ; and from boronatroealeite, ulexite, tiza, or cotton 
balls of Peru and Chili — Province of Atacama, and Ascotan, Maricungu, and (Jopiapo. 
ihe process for the extraction of borax from boronatroealeite, and eolemanite has 
been described by F. Witting, A. Kelly and li. B. R. Walker, F. M. Dupont, A. Camp- 
bell, L. Darapsky, A. Robottom, N. Uriigur, etc. * The manufacture involves four 
operations : (i) Boiling the ore with a soln. of sodium carbonate ; (ii) lixiviating the 
filter-press mud to remove entrained borax ; (iii) crystallizing the liquor ; and 
(iv) working up the mother liquor from the crystallizing vats, * 

rhero are nitmy modifications in detail in* tho different procossos of extraction. In 
general, the crushed ore is powdered, and siftod. It is tjien, transferred from th^ storage 
bins to the decomposing vats, where it is mixed with the mother liquid from the cA^stalliziqg 
f un( * water. The right proportions of sodium carbonate and hydrocarbonate are added, 
ana steam is introduced. After boiling for some timo, the liquor is pumped through filter 
presses, and the clear liquor is run to the crystallizing vats with or without an intermediate 
settling vat. The mud from the filter presses is cleaned out. Tho crystallizing vats are 
ed with vertical iron rods hanging from bars. The rods are suspended in tho liquor about 
ms. apart. In about 8 days, the liquor is syphoned off, and the crystals are washed, 
roken from the rods and sides of the tank, dried, and granulated or powdered. 

With pandermite, the powdered mineral, with the liquor, and sodiury carbonate 
to boiled over-night in closed vessels tit about 60 lbs. pressure ; pandermite is also* 
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decomposed by heating it with a soln. of sodium carbonate in autoclaves. The 
calcium borate furnishes a soluble basic sodium borate which is afterwards mixed 
with enough boric acid to produce borax. 

• C. Bigo^and J. Schreitcr converted the natural calcium borate into sodium tetraborate by 
mixing it v^ith lime, and decomposing the product with sodium sulphate ; E. Dresel and 
J.*Lennhof mixed the calcium ,borate with sodium chloride and ammonium borate, and 
digested the mass under press, with ammonia at 12°, when the sodium borate is precipi- 
tated ; or they digested the mineral with ammonium tetraborate, sodium chloride and 
sulphate. U. Sborgi and (J. Franco havo studied the conditions which favour thfi right side 
of the system (NH 4 ) ? B 4 <) 7 f 2NaC'MNa 4 B 4 0 7 H-2NH 4 Cl. 0. Masson and C. Tillilre pro- 
posed digesting the mineral with a soln. of ammonium hydrocarbonate or sulphate at 60° in 
an autoclave at 2 atm. press. A. A. Kelly and B. D. Jones calcined the ore with alkali and 
treated The mixture with water and carbon dioxide at atm. or an increased press. The 
alkali borate was crystallized by concentrating the aq. soln. K. Harding and B. D. Jones 
treated the boron mineral eolomanito, boracite, ulwcite, etc - with nitre cake and sul- 
phuric acid. K. Kickrnann and E. ltappo treated the calcium borate with sodium hydro- 
“**;■ 3t '“ B A + N-iS.F. +414,0 =3CoF+Si(OH) ) +Na l H l B 11 0, 1 . A. Schuster and 
M. Wilhelrny treated boronutrocalcito with fluorine, hydrofluoric acid, or a fluoride* 
Na,Ca, I.O„ +4HF 2«aF t i Na,B,0, + 2it ! 0, l-2H ) 0 ; and they alao proposed fusing the 
native borate with sodium hydrophosphate : 3CaB 4 0 7 +2Najr0 4 =Ca a (P0 4 ) a -f 3Na a B 4 0 7 . 

h. Schwcizer 3 stated that if a soln. of borax be evaporated on a water-bath at 
90 , an amorphous mas«*with 26*6 per cent, of water corresponding with tetrah/drated 
sodium tetraborate, NuoBjOy.lIIoO, is formed. There is no particular reason for 
assuming that this partially dehydrated product is a chemical individual. The 
observations and analyses of J. J. Berzelius, A. Stromeyer, 0. F. Rammelsberg 
J. J Ebclmen, ,1. Tunnermann, J. C. (I. do Marignao, H. Rose, P. Bolley, T. J. Hera- 
? ut u j 4T‘ nt \ a,ul ( ’* Tissi( ‘ r 8lu,w tliat if l >orax soln. be crystallized below 60°~62° 
decahydrated sodium tetraborate, Na,U 4 *O 7 .10H,,O, is formed, but if over that 
tern,,., pentahydrated sodium tetraborate, Na 2 B 4 () 7 .r,H 2 0, appears. J. Ponomarev 
measured the imp. of fused mixtures of borax and boron trioxidc and found evidence 

2 BO ^ U -H\^ l ! 0rat6 ’ Na2BJ ( 0l “’ m -P- 694 °- » f sodium octo- 

Borate, ■ »>.p. 783 . There is a continuous series of solid soln. ranging 

N *»'V 7 to N« 2 BsO„. K. Souheiran and F. A. Pellerin first reported 2 
of the pentahydrate ; its range of stability at «0” is shown in Fig. 14. AccordL to 
D. tan, if a au|H‘rsaturated soln. of borax be allowed to evaporate spontaneously 

chmTh '.Ti T to " , P" the pentahydrate is formed. The supersat. soln” 

b y 1 dissolving three parts of the ordinary decahydratc in 4 parts of warm 

tZ- dust" or °a ,UI I ,,UXtHT, 1 ' i,l ( ' » a .«k with the contents protected from 

must bo ’ take?. T r a " K ; n ’ apo . ra ^ 1 '? vacuo ' but in ‘he latter case, care 
must lx taken that i ..dissolved particles of the decahydratc am not present 

tv g“ V i n 24fi“?n ' T i IT ? u r" V”" enough borax to form a soln. of 
to'w.” lit w M ,' g ’ .‘J 10 paatahydrate begins to separate at 79°, and continues 

ti'ii'XiXT hu *^ na 1 ry f t. cahy ? ta,ai “ {omed; 0,1 ti>e ° tb <* b <*"d, 

a ? , ?* b r * } J * K lvos nothing but the ordinary decahydratc T W Richards 
ZL J ' V^T' 1 " Und t!' at the transition temp, could not be located wry pre- 
Strilrf iS Hl ^T ' A ' Merin stak ' d that if the soln. of the pentahydrate 

Wow M“ f hutD'V ! l 8P i?Tsv y d mor ° l^ntahydrate, even when Lied 
oelow 0 b , but I). Cernez doubted this statement. 0. Tomlinson found the under- 

2* C lr. n ;r n . be fT* 1 ~ 17 ' 8 °- D - w ' Horn and B. M. van Wagener skLd 
■ £? wiw n th . e mi,fcastable pantahydrate can be obtoinedside by 

Thc .,n«ii'r».?J t" I ,e ' ltal *y^ ra ^ Mystallues from soln. above this temp. . 
to ^ abaracter °f h®™ ac «f as a derivative of tervalent boron leads 

W triottoi f 0 Strong " r ,> I'ofyboric acids which, according to J. Boeseken/must 
be denvatms of quinquevsle.it Ixiron ; and he writes the formula of borax: 

O O-B-O o 

)b( g )b( 

. • xv x O-B-0 / \\<i 

but the direct union of podium to boron in borax is not probable. Anhydrous borax 
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orma a clear brittle glass — borax glass ; but, according to C. H. Burgess and A. Holt, 
f borax glass be kept some hours at a temp, at which a viscid syrup is formed, small 
olourless needle-like crystals are formed. The crystals of borax were described by 
). F. Naumann in 1829, and by A. Levy in 1837. The crystals of the decahydrate 
ire monoclinic prisms, with axial ratios, according to C. F. Rammelsbefg, a : b : o 
=1*0995 : 1 : 0*5629, and j8=106° 35'. Measurements were also made by H. Hahn, 
J. de B^narmont, and by M. S. Miguel and M. de J. Naranjo y Vega. A. Payen said 
that the crystals of the pentahydrate are octahedral, and hence the salt is often called 
octahedral borax, but this is a misnomer, since the crystals were shown by A. Arzruni 
jfco be hexagonal rhombohedrons belonging to the trigonal system, with the axial ' 
ratio a : c=l : 1*87, and a-72° 2'. G. Briigelmann reported mixed crystals with 
lodiura chlorate and borax containing 8919 per cent. NaC10 a , 4*7 per cent. Nk 2 B 4 () 7 , 
tod 6*11 per cent, of water, but 0. Lehmann showed that the two salts crystallize 
Iroin the mixed soln. side by side. H. Baumbauer studied the analogies between 
the crystal forms of borax and diopside, and the corrosion figures ; M. Kuhara 
investigated the percussion figures of borax. The specific gravity of anhydrous 
borax was stated by E. Filhol to be 2*367 ; by P. A. Favre afid 0. A. Valson, 2*371 
at 20°; by P. P. Bedson and W. C. Williams, 2 368 at 16", and 2 373 at 18*5" ; 

G. Quincke gave 2*5 for the sp. gr. of borax glass ; A. Payen gave 1815 for the sp. gr. 
of the pentahydrate, and for the decahydrate, 174 ; R. Boyle gave 1714 ; R. Kirwan 
obtained a similar result for the decahydrate; ; while R. Watson gave 1 757 ; 
J. H. Hassenfratz, 1723 ; L. Playfair and J. P. Joule, 1730 at 3*9° ; E. Filhol, 1 692 ; 

H. J. Buignet, 1*692 ; F. Stolba, 1*7156 at 17° ; P. A. Favre and 0. A. Valson, 1*711 at 
20* ; W. C. Smith, 1736 ; and J. Dewar, 1*694 at 17°, and 1*728 at -188 ’. Thi 
!#p. gr. of aq. soln. with 2*08, 2*44, and 3*65 per cent, of Na 2 B 4 0 7 were found by 
P. P. Bedson and W. C. Williams to be respectively 1*0185, 1*0211, and 1*0331 at 20" ; 
F. Forster found for 1*34 and 2*65 per cent, soln., 1*0105 and 1*0247 respectively 
at 25°. G. T. Gerlach gave for the soln. at 15°: 

Per cent, decahydrate . . 0*5288 1 0576 1-5864 2 1152 2-6130 3*1727 

Sp. gr. .... 1-0040 1*0099 1 0 149 1*0199 1 0249 1 0299 

F. Stolba found a soln. sat. at 17° had a sp. gr. 1*0208, and II. G. Greenish, and 

F. A. U. Smith 1*020 at 16*5". Measurements were also made by F, Fouque, and by 
A. Michel and L. Krafft. The hardness of the decahydrate is 2*0-2 *5 on Mohs’ 
scale, and A, Payen said that the pentahydrate is harder than the decahydrate. 

G. Quincke gave for the surface tension of fused borax at 1000°, 21 1 *9 dynes per cm., 
and for the specific cohesion, a 2 — 17*28 per sq. mm. 

Borax glass becomes opaque on exposure to air, owing to the absorption of 
moisture ; indeed, H. V. Bliicher found that after powdered borax glass bad been 
exposed for a few months to air, it was completely converted into the decahydrate ; 
but C. H. Burgess and A. Holt found that the needje-like crystals of anhydrous borax 
[ are non-hygroscopic. 

! The decahydrate effloresces superficially in dry air, and becomes opaque ; the 
crystals of the pentahydrate were found by A. Payen to absorb water and beupme 
opaque ; while D. Gernez found that they remain transparent even in air sat. with 
moisture, if dust is excluded, but in ordinary atm. air, they become white and some 
decahydrate is formed. The decahydrate decrepitates vhen heated, but, according 
to A, Payen, the pentahydrate does not. A. Atterberg found that whei^the deca- 
hydrate is heated to 80°, it loses four-fifths of its water, and at 100° more water is 
continuously given off, and all is lost at 200° ; the pentahydrate was found by 
D. Gernez to lose part of its water at 57°. When the decahydrate is heated, it 
tumefies, swelling up to a spongy mass called borax usta , or calcined borax ; at a 
higher temp, this runs together, forming a clear colourless glass — borax glass . 
V. Meyer and W. Riddle said that the melting point of borax glass is 878° ; -T. Car- 
nelley, 561° ; J. Ponomarey, 730° ; and A. L. Day and co- workers, # 741°. The 
glass, of course, has not a true rtLp., it gradually softens on a rising temp.J 
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('. H. Burgess and A. Holt fouad thd crystals of the anhydrous salt melt at a 
higher temp, than the glass. 

Borax is lost by volatilization during calcination ; the proportion lost depends 
on the magnitude of the exposed surface, and the duration of the heating ; thus 
Walbott found, by heating 0*6532 grm. of borax glass in a crucible over a gas- 
blowpipe (tame : 

* Time . . 5 * 12 22 '29 39 44 46 mins. 

Low . .08 1*0 2-0 2-5 33 4*1 4*2 percent. 

and E. Cramer found at about 1200° : 

Time , .... 3 26 48 60 hrs. 

Low* 1*47 7*88 2240 48 98 per cent. 

T. H. Norton and D. M. Roth said that in the hottest part of a Bunsen’s flame, 
sodium chloride volatilizes 16*54 times as fast as borax*' H. Lescoeur measured the 
vapour pressure of the hydrates of sodium tetraborate, and obtained indications of 
the formation of a di-, penta-, and a deea-hydrate. E. Lowenstein made some 
remarks on this subject. K. Jancrkc also claimed to have formed dihydrated sodium 
tetraborate, Na 2 B 4 0 7 .2M.>0, by compressing the pentahydrate which melts under the 
operation. 

According to (I. Tanrmunn, the lowering of the vap. press, of aq. soln. of 5*78, 
19*07, and 50*22 grins, of borax, Na 2 B 4 0 7 , per 1(X) grins, of water are respectively 
13*5, 32 4, and 63’2 mm. G. T. (Jerlach measured the boiling point of soln. contain- 
ing <i grins, of Na 2 B 4 0 7 grins, of water, and found : 

<1 • • . • 8*64 17*2 26*5 37 5 48*5 01*2 90 8 112*3 

B . . • 100*6° 101° 101-5°, 102° 102-5° 103° 104'0° 1046° 

The soln. tailing at 103° is sat., those boiling at a higher temp, are supersaturated. 
T. Griffiths placed the b.p. of a sat. soln. at 105°. L. Kahlenberg and 0. Schreiner, 
and H. S. Shelton measured the loweringV tho’freezing point of aq. soln. of borax, 
and found with 00125, 0*0250, ()*or»(K), and 0*1(KK) mol of borax per litre, a 
tool, depression respectively of 10*6°, 9‘7 J , 8*6°, and 7'2°. The high values in the 
mory dil. soln. are taken to show that the mol dissociates as symbolized by : 

Ntt 2 B 4 () 7 I H s ,0- i -2Na -f2B0 2 / -l-2HB0o. 

• H. V . Regnault gave 0*2382 for the specific heat of borax glass between 16° and 
98', and H. Kopp, 0*229 between 17° and 47 u ; the latter also gave 0*385 for the sp. 
lit., of the deeahydrate between 19° and 50°. M. Berthelot gave 74*81 Cals, for the 
heat of formation of the anhydrous salt from its elements ; W. G. Mixter gave for 
JNu 2 0-fB 2 0 3 =2Nn 8 B() 3 j-104'2 Cals. 1\ A. Favre and (’. A. Valson found 10*2 
Cals, for heat of solution of the anhydrous salt ; anti — 23*9 Cals, for the deeahydrate ; 
J. Thomsen found —25*9 Cals, for the heat of soln. of a mol of the deeahydrate in 
1600 tools of water. Hence, the jieat of hydration is 34*1 Cals. 

Th<‘ refractive index of isotropic borax glavSs was found by 1\ P. Bedson and 
W. C. Williams to be 1*5216 for the Ha-line ; 1*5147 for the Na-line ; and 1*5139 for 
the Jig-line. H. Dufct gave for crystals of the deeahydrate : 

/•Mine TMino Xu-llm* C-llne l.l-line 

« 1*4517 1-4491 1 4467 1*4445' 1 4441 

P •* • . , 1*4750 1-4719 1-4694 14669 14665 

. Y • * • . f *4778 1*4778 14724 1 4699 14695 

Measurements have also been made by D. Brewster, A. des Cloizeaux, F. Kohl- 
rausch, and G. Tsehermak. The crystals of the pentahydrate have a positive 
double refraction, that of the deeahydrate is negative. According to H. de S6nar- 
mont, the deeahydrate shows a well-defined dispersion eroisee. J. H. Gladstone and 
W. Hibbert found the molecular refraction of fused borax to be 42*80 for the 4-line, 
and 42*83 in sat. soln. F. Forster gave 0*1663 for the specific refraction. A. Schrauf 
^udied the absorption of vibrations in different directions in the crystals of borax. 
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H. Murschhauser found that the specific h>tati<Jn of soln. of glucose and borax 
decreased as the cone, of the soln. increased. 

C. Doelter found the crystals to be fairly transparent to X-r&ys, being about the 
same as corundum, and less than boric acid. A sample of borax from Mono Lake 
was found by C. Baskerville to phosphoresce in ultra-violet light— ppobably the 
effect of certain impurities because no other sample showed any phosphorescence. 
W. W. Coblentz found the ultra-red transmission spectrum of borax glass gave 
bands at 1'9/a, 3/a, 3'7/a, and 4'8/a ; and in the reflection spectrum wide maxima at 
7'5/a and* 10/a. According to E. Tiedo and co-workers, when boric acid is mixed with 
certain organic substances, particularly aromatic and heterocyclic substances, and 
partly dehydrated by melting, it is found on cooling that the mixtures are strongly 
phosphorescent. These substances after illumination by ultra-violet lighf emit a 
phosphorescent glow of a colour which varies with the organic substance and in the 
best cases persists for two to three minutes after the exciting light is removed. 

According to P. Burckfiard, 4 molten borax conducts electricity, and during 
electrolysis, oxygen is given off at the abode, and at the cathode, a gas which burns 
with a yellow flame is given off ; if a platinum cathode is used, platinum boride is 
formed. A. Z. Hartmann also studied the electrolysis of molten borates. P. Walden 
found the eq. electrical conductivity, A, and H. 0. Jones the mol. conductivity, /a, 
of an aq. soln. of borax with a mol of the salt in v litres of -w ater, at 0° to 65° to be : 
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The assumptions on which the calculations arc based are wholly inadequate 1 on 
account of hydrolytic and other disturbing reactions, if. (J. Jones also calculated 
the temp, coeff. of the conductivity for soln. of different cone. L. Kahlenberg-and 
0. Schreiner, A. A. Noyes and W. it. Whitney, and II. S. Shelton found that with soln. 
made up from borax ; or from the corresponding amounts of sodium metaborate 
and boric acid ; or from sodfum hydroxide and boric acid, both the lowering of the 
f.p. and the conductivity determinations agree that the borax is probably ionized 
in dil. aq. soln.: Na 2 B 4 0 7 d-H 2 0— 2Na.d-2B0' 2 -f2HB0 2 . The univalency of the 
borate-ions in soln. was tested by P. Walden’s application of Ostwald’s rule for 
the mol. conductivity of soln. of the sodium salt: /x ]024 — /a 32 -~ 13’5 ; this value is 
greater than that required for univalent ions ; but the discrepancy was attributed 
to disturbances due to hydrolysis. F. Auerbaph showed that with cone. soln. 
complexes are formed. P. Miiller and It. Abegg calculated that at 25°, a soln. of 
borax with the cone, expressed in mols per litre : 

Cone, of Na-ion 0050 0 090 0’20<f 

Cone, of free boric acid 0 043 0 058 0-00(1 

Cone, of boric acid in poly borates . . . 0*007 0 041 0 140 

Ihe work of A. Atterberg, M. Dukelsky, etc., has sfiown that a poly borate % of 
the type Na 2 0.5B 2 03.10H 2 0 is formed in cone. soln. Besides ‘the equilibrium'** 
between the different borate ions in aq. soln., the salt is hydrolyzed. As 
shown by C. Herzog, the dissociations of the salt in aq. soln. into acid and base is 
evidenced by soln. colouring red litmus blue, and turning turmeric brown. As 
shown by H. Rose, J. Shields, L. C. Barreswil, W. Henneberg, J. Bottomley, P. Geor- 
gievic, etc., the hydrolysis explains the action which the feeblest of acids and the 
halogens exercise on soln. of borax. J. Walker estimated that a OiiV-NaB0 2 
soln. was 0'84 per cent, hydrolyzed* and J. Shields, that a O'liV-Najjl^Oy soln. A 
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between 0 3 and O’# per eent. H.'Menzel found the degree of hydrolysis of M molar 
soln. to be : 

0-4 02 01 004 002 001 

For cent, hydrolysis ! ! 0 50 0 57 0 76 1 22 170 2:30 

He also studied the equilibrium conditions in the reaction 2 Na 2 C 0 3 +Na 2 B 4 07 +H 2 0 
^2NaHC0,+4NaB0 2 . R. Abegg and A. J. Cox have computed the solubility 
product of the soln. A. Schrauf studied the magnetic axes of the crystals. 
G. Meslin found borax to be diamagnetic. 

In measuring the solubility of borax, G. J. Mulder 6 found 100 parts of water at 
0° dissolve 1 4 and at 100°, 55*3 parts of anhydrous borax. Y. Osaka found 100 grmb. 
of watef at 25° dissolve 3 33 grins, of Na 2 B 4 0 7 . Measurements were also made 
between 0° and 100° by A. B. Poggiale. D. W. Horn and E. M. van Wegener found 
that the solubility, S, with soln. crystallized from supersaturation, expressed m 
grams per 100 gnus, of Na 2 B 4 0 7 , is : 

1,-5 to 30 50 00 02 05 70 80 100 

S 1.3 1-fl * 3-9 10*5 19*4 22 24 24*4 31*4 52*3 


0*5 10 30 50 

S . 1*3 1*0 * 3*9 t 10*6 

.1 pliaKCM 


Na 2 B 4 0 7 .5H 2 0 


The results are grajdied in Fig. 16. The transition temp., Na 2 B 4 O 7 .10H 2 O 
=iNa 2 B 4 () 7 .0H 2 O-|-5lI 2 O, is very nearly 02°, O, Fig. 16. J. H. van’t Hoff and 
^ W. 0. Blasdale said that in the presence of 

& -i — -tj sodium chloride the transition temp, can be 

* U/ reduced to 35*5°. H. Lescceur is of the opinion 

1 10 that ut # 12f>°, the pentahydrate passes into 

dihydrated sodium tetraborate, Na 2 B 4 0 7 .2H 2 0. 

§ 30 xj y — A. Rosenheim and F. Leyser gave 0‘ 14 mol 

b Ay per litre for the solubility of sodium dfborate 

2^20 — at ()°. # M. Hukelsky studied the ternary system 

^ jgy Na 2 0 - B 2 0 3 ~H 2 0, at 30°; and U. Sborgi and 

f lO j? Mecacci, the same system at 60°. J. H. van’t 

• Hoff and W. C. Blasdale found that in aq. soln. 

o q Af 60° so 6 100 0 a mixture of sodium chloride and potassium 
• Temperature borate forms potassium chloride and sodium 

« , ... 01 ..... „ t „ borate at 25° and* 83°. Table 11 shows the 


Temperature 


* Solubility Curve of Borux 
in Water. 


and the salts indicated. 


composition of soln. — mols of salt per 1000 mols 
of water sat. with borax and sodium chloride, 


Table 11.* Composition of Saturated Solutions of Borax and some other Salts. 


Koln. sat. with borax i 
« odium chloride, and 

Nftjt’lj 

i K„(’!„ 

Na ( SO| 

N.ijiqo. 

1<2 

1 i 

! K s n i ! 

N u 2 S< > t 

fla 2 B 4 0 7 

« ! 

r»4 

j 


1*01 

50*5 




8*9 

KCl . 

4.")' t 

! 19*6 


1*39 

33* 

i 39*5 ; 

--- 

191 

Nft,SO« , 

497 

1 - i 

12 5 

107 

520 

j i 

8-8 

10’ 1 

NaCl, glrtKorite . ! 

448 

! 18-4 i 

4*5 

; l*4(> 

29-1 

40‘ 5 , 

‘ 4‘li 

19*7 

N«,S0 4 , gtysorito j 

* « 

43*5 

j 1 9*2 1 

140 

118 

30*7 

1 20’ 9 | 

10*9 

13*5 


According to D. S. Wester and A. Bruins, 100 grms. of trichloroethylene, dissolve 
0*011 grin, of sodium tetraborate at 1 5°. A. Stromeyer found that borax is virtually 
insoluble in absolute alcohol , but readily dissolves in an alcoholic soln. of sodium 
acetate, while, according to the U.S. Pharmacopoeia, 100 grms. of alcohol, sp. gr. 0*941, 
dis8dlve*2*48 grms, of sodium borate at 15*5° ; A. Yogel found that 100 parts of glycml 
of sp. gr. l*Jjj&5 dissolve 6‘7 parts of borax ; and, according to the U.S. Pharmacopoeia, 
(1907), 100 grms. of glvccrol dissolve 60*3 grins, at 15*5°, and 100 grms. at 80°. 
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L. F. Kebler showed that glycerol and other poly^iydric alcohols decompose a soln. 
of borax into sodium metaborate and boric acid. Molten borax glass dissolves many 
metallic oxides, which impart characteristic colours in oxidizing and reducing atm. 
Hence the use of borax in qualitative blowpipe analysis : and as a flux in soldering. 
H. Rose found that ferric oxide crystallizes from the soln. as magnetic oside of iron ; 
and titanic oxide, as rutile. G. Wunder also found that the oxides of the alkaline 
earths furnish characteristic crystals. J. J. Berzelius, A. Knop, and C. H. Burgess 
and A. IJolt have studied this subject. 

According to M. Faraday, a soln. of borax first reddens turmeric paper because 
of the excess of alkali ; but as the colouring matter becomes altered by the presence of 
boric acid, the tint bcomes dirty blue, and thd paper then behaves towards acids and 
alkalies just as if it had been cooled by boric acid ~g.v. An aq. soln. otborax is 
decomposed by chlorine into sodium hypochlorite ; and when evaporated with 
hydrochloric acid on a water-bath it is all decomposed into sodium chloride and boric 
acid. J. L. Gay Lussac, 6 and A. Laurent found that when an .aq. soln. of borax 
coloured blue with litmus, is titrated with sulphuric acid, the blue colour changes 
to claret-red, and finally red when all the sodium has been converted to sulphate. 
H. Rose said that when a soln. of borax which has been made feebly acid is diluted 
with hot water, it again reacts alkaline— J. Joulin did not confirm this statement. 
According to E. Schweizer, when an aq. soln. of borax is sat. with hydrogen sulphide, 
sodium sulphide and free borie arid are formed. No borax is precipitated wh»n the 
soln. is treated with alcohol ; and when shaken with ether, two layers appear — the 
lower layer contains sodium sulphide, the upper layer boric acid ; similarly, an aq. 
soln. of borax absorbs carbon dioxide until all the. sodium is converted into carbonate, 
when the soln. reacts acid ; alcohol does not precipitate borax from this soln., but 
when evaporated, the carbon dioxide is expelled, and borax remains. According to 
E. 1). Clarke, a mixture of borax glass and carbon boils in the oxy-hydrogen flame 
giving off a white smoke, and forming a substance which becomes white on exposure 
to air. H. Mursehhaiiser studied the effect of borax on the mutarotation of sugar. 
Gelatinous silicic acid does not act on a soln. of borax, but organic acids displace the 
boric acid. 0. J. B. Karstcn stated that when borax is triturated with ammonium 
chloride, ammonia is produced. According to G. Dragendorff, when a mixture of 
phosphorus and powdered borax glass is heated to redness, a dark brown glass is 
formed from which boron separates when agitated with water. C. Winkler found that 
when a mixture of borax and magnesium powder is heated in the absence of air, 
sodium, sodium metaborate, magnesium oxide, and magnesium boride are produced. 
A. Laurent stated that when iron is heated with borax glass a combustible gas is 
given off. T. Bergman added that when a soln. of borax is dropped into metallic 
salt soln., freed as much as possible from acid, sparingly soluble borates are pre- 
cipitated from soln. of mercury, lead, copper, iron, tin, nickel, cobalt, and zinc ; 
but soln. of gold, platinum, bismuth, and manganese remained undisturbed. 
W. Aekermann prepared what he called boric acid water-glass by gently warming 
a mixture of boric acid and borax in the proportions of 1 : 3. The product is supposed 
to be analogous to ordinary water-glass, and to be a colloidal soln. of boric auid in 
borax. The aq. soln. is rather less stable than ordinary water-glass, for it tends to 
solidify, and crystallize on standing, especially if shaken. It is said to have several 
advantages over borax as a flux in soldering. r • 

*• • « 

Some uses Of borax. — Borax and boric acid have an extraordinary dumber of applica- 
tions in different industries . 7 They are used as constituents in making enamels for iron, 
and other metals ; in the manufacture of pottery glazes ; in making glass, artificial gems 
and strass ; and in tho manufacture of pigments for glass painting. Borax is used in making 
(iuignet’s green. It is employed in the tannery, and in the currying shops for dissolving 
dirt and blood from skins and thus ensuring a more rapid liming. It is used for cutting 
oils and fats used in stuffing leather and in bleaching and mordanting leather. It is used 
in the laundry in washing and starching ; it helps to give linen a high gloss. Many com- 
mercial starches contain borax ; and fc>orax is also used in making some soaps. Borax ja 
used as a wood preservative against dry rot, and on account of Jts antiseptic qualities it is 
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introduced in ctemotic, month-wadl*, Zimtl S', 

Mtituent of iiowdors for killing insectH >efo. i/made from borax and shellac. A 

mixturo’o/ and bomxTn HubHtituto for gum and it is moisture-proof. The paper 

mills use Iwrax in making a kind of parchment, and borax is used in making sizes amlcoatmgs 
for glazed /w>ors and playing cards. Borax is used as a stiffening agent foi the wicks of 
stearin canoes ; and it is also used in calico-printing. On account of the solvent action of 
fused borax on metal oxides, it is.uned for keeping a clear surface in the we ding and brazing 
of metals. It is also used as a flux in many other operations ; and in blowpipe analysis. 
Borax is employed m making manganese borate to bo used as a drying agent formula. 


In addition to the tetraborates, represented by borax, other still more acid borates 
have been reported. According to L. Barthe 8 when a boiling soln. of equal parts 
of bora# and boric acid is cooled, the first crop of crystals has the composition : 
2Na 2 0.3B 2 0 ;i ; the second crop, Na 2 0.2B 2 0 3 ; and the third crop, 2Na 2 0.5B 2 0 3 . 
These products are in all probability mixtures. L. Spiegel found that soln. of 
boraX containing an excess of boric acid deposit crystals of sodium hexabor&tG, 
Na 2 0.:iB 2 0 3 .wH 2 0, and he found a samploof commercial borax which he assumed 
to contain this "salt because of its high B 2 0 3 content. I. F. Ponomarey also 
examined the hexaborate. • H. le. Ohatelier reported the formation of sodium 
octoborate, Na 2 0.4B 2 0 3 .wH 2 0, apparently analogous with the corresponding lithium 
salt. P. A. Policy prepared what lie regarded as the decahydrate by boiling a soln. 
of two c(j, of borax with one oq. of ammonium chloride. If the soln. is moderately 
dil,, ammonia gas is evolved, and when the evolution of gas has ceased, the filtered 
soln. furnishes milk-white or transparent crystals. I. F. Ponomarey also examined 
the octoborate. Analyses by A. Laurent, and P. A. Bolley agree with the formula 
Na 2 0.4B 2 0 3 .lOl{ 2 0. The crystals lose water when heated, but do not swell up so 
much as borax ; 100 parts of water dissolve 17-20 parts of the salt. The soln. is 
neutral to litmus. 


The uq. soln. precipitates boric acid when treated with dii. acids, and it gives pre- 
cipitates with those salts whieh gave precipitates with soln. of borax; although the products 
Hornet lines differ in colour and solubility both lose boric acid when washed with water. 
A. Atterberg lieheved that P. A. Holley’s salt is a mixture of tetra- and deni-borates. 

j \ . Atterberg found that a soln. of a mol of sodium hydroxide with 5 mo Is of 
boric oxide deposits small prismatic crystals of dec&hydrated sodium decaborate, 
Nii 2 O.r>B 2 ();},l0lf 2 () also called sodium ywutaborate. The first crop of crystals 
contains a little boric arid ; and the last crop a little borax. M. Dukeisky prepared 
this salt and showed the. conditions of stability at 30°— vide Fig. 15. Judging from 
II. vSborgi and F. Meeaeci’s study at G0°, the salt does not appear to be stable at 00° 
in aq soln. M. Dukeisky, and A. Rosenheim and F. Leyser, as indicated above, 
also prepared deeahyd rated sodium decaborate, Na 2 0.r)B 2 0 3 .lOlI 2 0. The .solubility 
at<)° is 1U'3 mols per litre. A. A. Kelly and B. D. Jones prepared the decaborate by 
[Hissing sulphur dioxide into a mixture of JOO parts boronatrocaleite aud. 400 parts 
of water: Na 2 0.2l’u0.5B 2 () a f-3S() 2 2(5iS0 3 -fNa 2 S0 3 4'5B 2 0 5 . The calculated 
amount of boronatrocaleite is added, and the mixture boiled : Na 2 ().2t'a0.5B 2 0 3 
-p2(Jtfa 2 S() 3 -{ 5B 2 0 3 )-- 2CaS0 3 -f3(Na 2 0.5B 2 0 3 ). The borate may lie recovered by 
crystallization. W. Voss obtained the decaborate by treating boronatrocaleite with 
sufficient sulphuric and boric acids to form the required salt. A. Ajterberg found 
the crystals rapidly lose 6 mols of water at 80°, and slowly two mols more ; at 2(X)°, 
oije mol of water is still retainer!, but at higher temp, all the water is expelled with 
intumescence. A. Atterberg believes this salt is the same as that prepared by 
A. Laurent, to whieh the formula 5Na 2 0.24B 2 0 3 .55H 2 0 was assigned. 

J. TUnnermann reported hydrated sodium dodecaborate, NnjO.flBjOj.nHjO— water 30 per 
cent,— -to be formed in tabular crystals by adding boric acid to an aq. soln. of borax until the 
soln. no longer reddens turmeric, and evnporutmg and cooling. The salt tastes like nitre, 
and is neutral to vegetable colours ; it sw ells up when heated, and melts to a clear glass. 
A. Laurent stated that if 2 mols of sulphuric acia are added to 3 mols of borax, the mixture 
does not redden litmus because the dodecaborate is formod, but with another mol of 
slUphurio acid the soln. reddens litmus because bdiic acid is liberated, and with another 
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pop of sulphuric acid, the litmus is coloured bright red from the exoeas of the last-named 
pid. A. A. Noyes and W. R. Whitney infer the formation of complex borates as high as the 
Odecaborate because the heat of neutralization of sodium hydroxido with boric aoid steadily 
^creases up to this proportion. 


J. A. Arfvcdson, 9 H. Rose, 0. L. Bloxam, and N. Tate measured the*amount of 
parbon dioxide cxjielled when boric acid is fused with potassium carbdnate, frym 
which it appears that at a dark rod heat a mol of B 2 0 3 drives out one mol of carbon 
Bioxide from an excess of the carbonate, and at a bright red heat, 1 08—1 *20 mol of 
karbon dioxide. C. L. Bloxam found that when boric acid is boiled with an aq. soln. 
hf the carbonate three mols of B 2 0 3 decompose one mol of potassium carbonate. 
IP. L. Bloxam measured the water evolved when boric oxide is fused with potassium 
fjbydroxide, and found : B 2 0 3 -f 4K0H— 2K 2 0.B 2 0 3 f2H 2 0. There is no other 
Sevidence of the formation of a basic ^ 

carbonate'. M. Dukelsky* studied the a 

ternary system, K0O.B263.H2O, at 30°, / \ 

and his results are shown graphically / \ 

in Fig. 17. The area Kab refers to the 

solid phase K0II.2H 2 0 ; bMc, to the / • \J \ 

phase K 2 0.B 2 0 3 .2UU) ; cDil , to the solid K0H'ZH>0jt\ 7\ A 

phase K 2 0.2B 2 0 3 4H 2 0 ; dPe, to the solid a/ C \ / \ m/ \ 

phaso K2O.5B263.8H2O; und elif, to — /\ 

solid boric acid, B(OH) 3 . / / \ 

As already indicated, J. A. Arfvcdson, / v \ 

H. Rose, etc., found that a mol. of boric . /A 

oxide will displace approximately a mol. R J \J \ 

of carbon dioxide from an excess of potas- fyo t B(0H) ofi j, 

ttiam carbonate at a red heat; and this Fln 1 7 . _ Equilibrium in thn Ternary 
was taken to show that potassium meta- System, K 3 0-B,0 3 — H^), at 30®. 
borate or diborate, K 2 0.B 2 0 3 , or RB0 2 ,‘ 

is formed; and J. J. Berzelius fused eq. proportions of carbonate 4 and boric 
oxide or acid at a white heat. J. Sohabus also prepared monoclinic plates 
of this salt with axial ratios a:b:c— 27440 : 1 : 2 6760, and ($=$3° *54'. 
J. J. Berzelius added that the salt dissolves in water with difficulty, and does 
not crystallize from the soln. : it has a caustic alkaline taste and absorbs 


H,0 f W0H) s M 

Fio. 1 7. - Equilibrium in thn Ternary 
^ System, KJ) B,Oj — H,0, at 30®. 

|. proportions of carbonate and boric 


carbon dioxide from the air,* forming a mixture of potassium carbonate and the 
tetraborate K 2 0.2B 2 0 3 . A. Atterberg prepared what he regarded as a trihydrate, 
K 2 0.B 2 0 3 .3H 2 0, by dissolving the anhydrous compound in water, and evaporating it 
over sulphuric acid with an excess of potassium hydroxide. The microscopic crystals 
lose their water when heated, without changing their form, and the residue melts at 
a white heat, being much less fusible than the more acid salt. S. Motylcwsky 
found the drop-weight of the molten salt to he J55 when that of water at 0° is 
1(H) iugrins. H. S. van Klooster, and F. M. Jiiger gave 947° for the m.p. of 
potassium metaborate. The surface tension at 992° is 123*5 ergs per sq. cm., and 
at 1142”, 96*6 ergs per sq. cm. A. Atterberg found that the salt volatilizes rapidly 
at a white heat. The fused salt forms needle-like crystals on cooling. It absorbs 
much gas while* being melted, and this is rejected on cooling, thus causing some 
decrepitation. The salt deliquesces in air, absorbing carbon dioxide as jyell as 
water. It would appear that this salt is probably the same as the h£nipenta» 
hydrate, K 2 0.B 2 0 3 .2|H 2 0, of M. Dukelsky, the zone of stability <5f which in aq. 
soln. at 30° is indicated by the area bcM, Fig. 17. A. Rosenheim and F. Lcyser 
gave the solubility of the diborate as 0*9 mol per litre atO°. 

A. Atterberg obtained the tetrahydrated potassium tetraborate, K 2 0.2B 2 0 3 .4H 2 0, 
monoclinic prisms which, when heated, lost their water with intumescence, and finally 
fused to a clear glass, which H. J. Buignet found to have a sp. gr. 1*74. M. Dukelsky 
showed that the zone of stability of the tetrahydrate in aq. soln. is represented by 
the area cDd , Fig. 17. A. Laurent* made a pentahydrate, K 2 0.2Bj0j.5H 2 0, in* 
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hexagonal prisms by crystallization during the cooling of a boiling soln. of potassium 
carbonate mixed with an excess of boric acid, and made alkaline with potassium 
hydroxide. The first crop of crystals contain the octohydrated hexaborate, but 
afterwards the tetraborate alone appears. The salt dissolves readily in hot and cold 
water ; it tastes slightly alkaline, reddens turmeric ; tumefies when heated ; and 
finally fuses to a clear gla£$. A. Atterberg reported a hemihenadecahydrate, 
K/).2B 2 0 3 .fi*H.>(), to be formed in hexagonal prisms by evaporating at ordinary 
temp, the arp soln. of a fused mixture of eq. proportions of the component salts. 

A. Laurent, and A. Atterberg also reported monoclinic prisms of the hexahydrate, 
K2O.2B0O3.OH2O, which lost 2 mols at 70° ; 2 mols more at 100° ; and Which 
retaino<£one mol of water at 200°. M. Dukelsky obtained no evidence of any other 
than the tetrahydrate at 30°, so that the penta- to the hexa-hydrates were possibly 
the tetrahydrate with entrained water. A. Rosenheim and F. Leyser made potassium 
pentaborate with a solubility of 0 07 mol per litre at ()«.' 

II. KchilT observed that the aq. soln. of the tetraborate absorbs much iodine to form 
a colourless soln. Potassium iodide und iodate are formed in accord with the equation 
9 KoB 4 ()H 3L —f>K 2 Bo( > 10 -f .-3 KI-} KI0 :} ; as well as hydrated potassium hexaborate, 
K26.3B2O3.wH2O. W: Reissig prepared what lie regarded as the pentahydrate, 
K 2 0.B20 3 .r)H 2 0, by cooling to 6° a boiling soln. of a mol of potassium carbonate 
with 2 mols of boric oxitle. The rhombic prisms so obtained have the axial ratios 
a:b: c— 0‘5285 : 1 : 0*9206 ; and are stable in air. A. Laurent obtained w r hat ho 
regarded as the octohydrated hexaborate, K2O.3B2O3.8H2O, during the preparation 
of the tetraborate. The rhombic prisms have the axial ratios a : b : c=0’77 : 1 : 0’70 ; 
they art* stable in air ; and readily melt with intumescence. A. Atterberg believes 
that A. Laurent’s salt Is really the decaboipto. M. Dukelsky observed no signs of 
formation of a hexaborate in aq. soln. at 30°. H. le Chatelier prepared what he 
regarded as potassium octoborate, K 2 0.4B 2 0 3 , by a process analogous to that he 
employed for the lithium salt. 

C. F. Ramnielsberg obtained crystals of octohydrated potassium decaborate, 
K2O.rdI2O3.8H2O, from a boiling aq. soln. of potassium hydroxide sat. with boric 
acid. A. Laurent gave the formula flKoO^BoC^.bfdLO. J. Boeseken represented 
the ’salt KB 6 O rt by the graphic formula K — B (OBO) 4 , with one boron atom 
quinquevalent. • A. Laurent found that the rhombic crystals had the axial ratios 
a : 6 : c— 0*9709 : 1 : 0*8054 . V. von Lang also measured the crystuls which have 
a positive double refraction. M. Dukelsky found tHe region of stability of the 
crystals in aq. soln. at 30° to be represented by dPe, Fig. 17. According to A. Atter- 
Iwrg, the crystals rapidly lose C mols of water at 100°, and still more water Is lost 
slowly ; at 200°, one mol of water is still retained ; at a red heat, the salt forms a 
dear glass. When treated with hydrofluoric acid, potassium borofluoride is 
formed. A. Laurent stated that rhombic prisms of decaJiydraled potassium dodeca- 
boraie , ^O.fllLOj.lOH.^O, crystallize from neutral soln. of potassium hydroxide 
and boric acid. He said that the crystals are permanent in air ; turn reddened 
litmus slightly blue* ; dissolve sparingly in cold water and copiously in hot water. 

A. Atterberg tried to make this salt from soln. containing 3, 4, 5, and 6 mols of boric 
oxide to one mol of K 2 0, but obtained in every case, octohydrated potassium deca- 
borato ; nor did M. Dukelsky obtain any evidence of a dodecaborate itf aq. soln. at 30°. 

A. .Reischle 10 prepared .anhydrous rubidium tetraborate, Rb 2 B 4 07, by pre- 
dpitatin# an alcoholic soln. of rubidium oxide with a similar soln. of boric acid. ' 
The free crystalline precipitate contains alcohol of crystallization. W. Reissig, and 
A. C. Reischle prepared the hexahydrated rubidium tetraborate, Rb 2 B 4 07.6H 2 0, by 
dissolving 2 mols of boric acid and one mol of rubidium carbonate in boiling* water ; 
rhombic six-sided plates separate during the cooling of the soln. ; and they are stable 
in air. A. C. Reischle obtained ceesium hexaborate, C^B«O 10 , or Gs20.3B 2 C^, by 
mixing alcoholic soln. of caesium oxide, and boric acid. The crystals separate 
slowly from the soln. A. Rosenheim and F. Leyser made rubidium pentaborate. 

According to H. S. ^an Klooster, the f .p. curve of mixtures of lithium and sodium 
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fcetaborates, Pig. 18, gives no indication of the formation of a compound, but there 
p a eutectic at 650° with 52 per cent, of lithium metaborate. The miscibility of the 
Irystals is very limited, for lithium metaborate dissolves 2 per cent, of sodium 
jaeta borate, and the latter 3 per cent, of the lithium salt. Mixtures of sodium and 
potassium metaborates give a f.p. curve, Fig. 19, showing a continuous series of 
[nixed crystals, and having a flat minimum with 50 p$r cent, of sodium metaboratc. 

I iere is evidence of a decomposition of the mixed crystals between 522° and 553° 
th mixtures with 40 to 60 per cent, of sodium metaboratc. The f.p. curve, Fig. 20, 
mixtures of potassium metaborate and metaphosphate possesses two eutectics 
681° and 770° respectively, the former corresponding with 90 per cent, and the 
iter with 30 per cent, of potassium metaphosphate. The portion of t^e curve 
tween the eutectics rises to a very flat maximum, extending between 50 and 60 
r cent, of potassium metaphosphate. The eutectic arrest is only noticeable in 
e neighbourhood of the eutectics, so that it cannot be used to determine the 
sition of the maximum. The composition agrees with potassium metaphosphato- 
metaborate, KP0 3 .KB0 2 . Fusions of this composition give.neutral soln., whereas 
Iwith higher and lower percentages of potassium metaphosphate they are respectively 
iftcid and alkaline. The presence of the compound KP0 3 ,KB0 2 is also indicated by 
the microscopic examination of thin sections. Fusions containing between 65 and 85 
.per cent, potassium metaphosphate would not crystallize* but they solidified to a 
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vitreous mass. The f.p. curve of mixtures of sodium metaphosphate and sodium 
metaborate, Fig. 21, could be followed only with mixtures containing between 0 and 
30 per cent, and between 50 and 80 per 
cent, of sodium metaphosphate, the other 
mixtures solidifying to vitreous masses. 

The curve between 50 and 80 per cent, of 
sodium metaphosphate shows a flat maxi- 
mum which is probably due to the existence 
of sodium metaphosphatometaborate, 

NaPQ 3 .NaB 0 2 , further evidence in support 
of the existence of which is given by 
chemical and optical investigations similar 
to those described for the potassium 
compounds. Conductivity measurements 
showed that this compound also exists in 
soln. to some extent. 

Eleven ammonium borates have been 
described ; but U. Sborgi 11 could find only 
three in his study of the ternary system 

— B 2 Q 5 — H 2 0, at 30°. He found the 1:4:6 compound at 60°, and 
the 1:2:4 and the 1:5:8 compounds at 45°. His results at 30° g are shown 
graphically in Fig. 22, the regioif bMc corresponding with the solid phase* 
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(NH^O.BsOg^iHjjO ; the region dPe with the solid phase (NH 4 ) 2 p.5B 2 0 3 .8H 2 0 ; 
and the region eBf with boric acid, B(OH) 3> . 

J. J. Berzeliu# reported a basic salt dihydrated tetra -ammonium diborate , 2(NH 4 ) i O.B i O,. 
2H,0, or (ffH|) 4 B i O,..2H i jO, but there are doubts about the accuracy of the analysis. 
J. A. Arfvodson dissolved ammonium tetraborate in hot cone. aq. ammonia, and allowed the 
«okl. to cool in a covered vessel, ,whcn crystals of the composition t 3(NH 4 ) t 0.4B,0 a .3Hj0, 
ammonium ociotritaborate, separated out; he also found that 100 parts of crystalline boric 
acid absorbed 21 parts of ammonia, producing what was thought to be the enneahydrate, 
3(NH 4 ) a 0.4B 4 0 a .i)H,0. 

L. Gmelin slowly cooled a soln. of a “ moderate ” proportion of boric acid in hot 
aq. ammonia, and obtained tetragonal crystals. Analyses by L. Gmelin, E. Sou- 
beiran, A. Laurent, and C. F. Rammelsberg correspond with tetrahydrated am- 
monium tetraborate, (NH 4 ) 2 0.2B 2 0 3 .4H 2 0, or (NH 4 )H(B0 2 ) 2 .liH 2 0. A. Atter- 
berg’s analysis agrees with the assumption that this salt is a pentahydrated tetra- 
borate, (NH 4 ) 2 0.2B 2 0 3 .f>H 2 0, and he considered this to be one of the only two am- 
monium borates whose existence has been established. This salt may have been 
U. Sborgi’s hemipentahydrate, (NH 4 ) 2 0.2B 2 0 3 .2£H 2 0, with some entrained water. 
If so, the region of Stability is fairly large, corresponding with bcM , Fig. 22. 
0. F. Rammelsberg found the axial ratios of the tetragonal crystals to be a :c 
= 1 : (V8283. W. H. Miller described crystals of ammonium borate, but it is not clear 
what particular salt lie measured. G. d’Acliiardi also studied these crystals. 

L. Gmelin said that the crystals effloresce in air, lose ammonia, and form the octobo- 
rate ; that 100 parts of cold water dissolve 8‘3 parts of the salt, and that the soln. has 
an alkaline reaction, and evolves ammonia when heated. According to P. A. Favre 
and 0. A. Valson, the sp. gr. of the A-solip of this salt is 10678, and the volume 
increase per litre, attending tin* soln. of one oq. of the salt, is 10 2 c.c. According to 

M. Faraday, a neutral or slightly alkaline soln. of ammonium borate soon colours 
turmeric paper the red tint characteristic of byric acid, and the red tint is effected 
by ammonia, etc., as with the coloration produced by boric acid itself— q.v. 

J, A. Arfvedaoti obtained a Halt whoso analysis corresponded with 2(NH 4 ),0.5B 2 0 3 ,5H,,0, 
but C. ¥. Hammelsberg believed this is probably a less pure form of the tetraborate.’ 
A. Sehloisner reported he ptn hydrated ammonium bexabomte, (NH 4 ) S 0.3B 2 0 3 . 711,0, to bo 
formed by adding the calculated quantity of ammonia to a hot aq. soln. of boric acid. He 
a«lded that the salt, is formed only above 30% and that it is very soluble in water. It is 
used for preparing hard and washable figures of plaster of Pans. 

A. Atterherg mixed a hot soln. of boric acid with aq. ammonia in the proportion 
NH a : H 3 BO 3 — 1 : 3*5, and obtained rhombic double pyramids of OCtohydrated 
ammonium decaborate, (NH 4 ) 2 0.C>B 2 0 3 .8H 2 0, analogous to the corresponding 
potassium salt. The area dPe in U. Sborgi’s diagram, Fig. 22, shows the range of 
stability of the salt at 30°. J. Schabus, and V. von Lang also measured the crystals, 
which have a positive double refraction. L. Gmelin obtained colourless, transparent’ 
six-sided pyramids by saturating a hot cone, aq, soln. of ammonia with boric acid’ 
and slowly cooling the mixture ; lie supposed the product to be hexahydraied 
amtfbmum octoborate , (NH 4 ) 2 0.4B 2 0 3 .6H 2 0. hut it is probably a less pure form of the 
decaborate. 0. F. Rammelsberg found the crystals to be rhombic bipyramids with 
axial ratios u \ b .* c — 0 982 < : 1 : 0 8201. L. Gmelin said the crystals Appear tasteless 
at first, 4>ut they afterwards excite a burning bitter taste. The salt is permanent in 

but when heated, it swells up and fuses, leaving behind glassy boric oxide which 
A. Laurent said still retains Borne ammonia very tenaciously. According to 
L. Gmelin, 100 parts of cold water dissolve nearly 12 5 parts of the salt, and the soln. 
gives off ammonia when boiled ; the aq. soln. has an alkaline reaction. By treating 
the soln. with vanadium pentoxide, A. Ditte obtained ammonium trivanadate 
The salt has also been studied by C. F. Wensel, J. M. F. de Lassone, E. Soubeiran, 
and J. A. ArfvedBon. 

• Analyse* of the mineral larderellxte occurring at the Tuscan lagoons, by the dis- 
coverer E. Beehi, and, by J, A. Rose, correspond with tetrahydrated ammonium 
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odoborcUe, (NH*) 2 0 . 4 B 2 03 . 4 H 2 0 , or (NH^BgOisiH^O. The crystalline form of the 
rhombic plates has not been established. Larderellite is soluble in hot water, and, 
according to E. Bechi, the soln. deposits crystals of enneahydraled ammonium 
dodmtborate, (NH 4 ) 2 0.6B 2 0 3 .9H 2 0. 

A. Dschawachoff 12 prepared rhombic crystals of decahydttted. hydraxine 
hezahydro-dodecaborate, (N 2 H 4 ) 2 (H 2 B 4 07 ) 3 .ldH 2 Q,by adding boric acid to a GCflper 
cent. soln. of the base, and concentrating the soln. first on the water-bath, and then 
in a desiccator. The crystals readily effloresce, and when kept over sulphuric acid, 
pass into the pentahydrate, (N\>H 4 ) 2 (H 2 B 4 0 7 ) 3 .5H 2 0, and at 1(X)° they form the 
anhydrous salt, (N 2 H 4 ) 2 (H 2 B 4 0 7 ) 3 . When heated to 250°-260°, they formed 
(N 2 H 4 ) 2 (B 2 0 3 ) 6 . Above 260°, the salt decomposes into boric acid and anhydrous 
hydrazine, N 2 H 4 . 
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$ 10. The Borates of Copper, Silver, and Gold 

W. Hermann 1 found that a mixture of copper oxide and borax melts with 
difficulty and furnishes a blue glass, H. Hecht studied the effect of boric oxide on 
thfc colour of alkali silicate glasses coloured with cupric oxide. P. A. Bolley discussed 
the uses of the copper borates as pigments for painting. M. G. Levi and S. Castellani 
observed no signs of the formation of copper borates in the electrolysis of*a soln. of 
boric acid in the cathode compartment, and of a soln. of a cupric salt in the anode 
compartment. 

A. Rosenheim and F. Leyser made cupric pentaborate J and obtained the com- 
plex hydrated tetrasodium tetracupric octodecaborate, 2Na 2 0.4Cu0.9B203.38H 2 0, 
that is, Na 4 [Cu 4 (B 4 O7) fl |.50H 2 O. According to W. Guertlcr, brownish crystals, with a 
greenish surface shimmer, cuprous tetraborate, CuJBjOq, or 3Cu 2 0.2B 2 0 3 , are 
produced when cupric diboratc, Cu(B() 2 )j 2 , is heated until gas is developed, and 
washed with boiling water ; when a mixture of three mols of cupric nitrate and two 
mols of boric oxide is heated until reduction is complete ; and when cuprous 
hydroxide is evaporated with 3 to 5eq. of boric acid, and heated ; the homogeneous 
liquid cools to a reddish-yellow mass which is rapidly decomposed by water. 

F. P. ie Roux said that when a fused glass Cu 2 0.2B 2 0 3 is rapidly cooled the colour 
is citron-yellow, if slowly cooled, orange ; and if Cu 2 0.2B 2 0 3 is slowly cooled, it has 
an orange colour. 

J. Tiinnermann found borax precipitated a pule green cupric borate from a soln. 
of cupric sulphato ; and different results are obtained according as the borax or 
cupric salt is in excess. The greater the proportion of the latter, the more basic 
the precipitate. The composition also depends on the cone, and temp, of the mixed 
soln. As a result quite a number of hydrated cupric borates have been reported, but 
there is nothing to show that any of them is a chemical individual. 

According to H. Rose, cold cone. soln. of cupric sulphate and borax give u precipitate 
of 33UuO.20B,O a .33H # O, which when washed with cold water furnishes di hydrated cupric 
dibofate , Cu0.B a 0 3 .2H ? 0 ; and with hot cone, soln., tho monohydruto is formed. 

A, Laurent obtained a similar hydrate, 2Cu0.B,0 3 . 1}H,0, by drying at 100*, the precipitate 
obtained by addftig borax to a hot soln. of cupric sulphate. Expressing tho mol, ratio 
Oil) : B g O a : H a O, H. Bose obtained tho salt 11: 1 : l) by washing the precipitate obtained by 
adding borax to a hot dil. soln. of cupric aulnhato ; by a leftig continued boiling with water, 
hydrated cupric oxide is finally obtained. E. Pasternack warmed a cold soln. of two parts 
of cupric sulphate and one of borax ; tho filtrate from the basic sulphate was dropped into an 
excess of a hot soln. of borax, and, on cooling, tho compound 5:1: 1 2 depositedLJ^^^. 
obtained 4:1:3, by washing the 2:1:1 product with cold water. R^-yc&Hmngtho 
precipitate obtained by mixing equi molar parts of cupric sulphate amLJb^borax in cold cone, 
soln., JH. Bose obtained t) : 5 : U which by washing with cold water Jrgavo 3:1:3; if hot 
solu. are employed, the precipitate is 11:5:11, and aftor wB^l» n K with hot water, 
11:4:11. H. Bose also obtained 5:2:5, by washing the Jyprccipitato obtained by 
mixing cold dil. solu. of ouprio sulphate and borax. J 

iV, Guertlcr evaporated a soln. of a mol of cupric nitrate with 2 mols of boric 
acid and fused the product in a platinum crucible afft a temp, not exceeding 950°, 
the blue needle-like crystals have the composition’ of cupric di- or mdtaboratc,’ ' 
CuO.BjA, or Cu(B0 2 ) 2 ; .he .also obtained the jfame product by melting cupric 
.oxide wi$i a large excess of boric oxide, and /slowly cooling the product; and 
A. Ditto, by th6 action of water on cupric tetraf jorafce, CuB 4 07 . This product can 
also be obtained as a dark green glass. The bflue doubly refracting needles have a 
sp. gr. 3 859 ± 0 003, and the hardness of cojrundum. When heated to 875° ± 10°, 
oxygen is giveu off, and the weight becomes constant when 5'32 per cent, in weight 
has been expelled. H. Moissan found ftuofi ne attacks copper borate vigorously 
at- ordinary temp, and the mass becomes ^candescent. Cold dil. mineral acids 
have no action ; neither does dil. hydrofluoric acid attack the compound ; cone. 
Iiydrofluoric acid has a slow solvent action. Sodium hydroxide and allrali sulphides 
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have no action.; molten potassium hydrosulphate and molten alkali carbonates 
Act slowly. 

A. Ditte prepared crystals of cupric tetraborate, CuB 4 0 7 , bv evaporating a soln. 
of cupric oxide or carbonate in one of boric acid sat. at 40°. E. Pasternack prepared 
he xa hydrated cupric tetramminotetraborate, CuB 4 0 7 .4NHg.6H 2 0, bv adding 
alcohol to an ammoniacal soln. of equi-molar parts of borax and cupric acetate, «or 
by warming a soln. of a mol of cupric acetate and 2 mols of boric oxide in 
aq. amratnia, and filtering hot. On cooling, dark blue crystals are obtained which 
can be crystallized from aq. ammonia. They effloresce in air, smell of ammonia, 
and are decomposed when boiled with water, with the separation of cupric 
tetraborate, • 

J. Donau 2 found silver dissolves in fused borax, staining it yellow. 
J. Tiinnermann noted the formation of a white precipitate when borax is added to 
soln. of silver nitrate. According to H. Rose, equi-molar and A-soln. of sodium 
borate and silver nitrate in the cold give a dirty yellow precipitate which when 
pressed contains llAg 2 O.10B 2 O3.1()H 2 O ; and after washing with cold water, and 
drying contains 6Ag 2 0.B 2 0 3 . Cold cone. soln. of 2 mols of silver nitrate and one 
mol of borax give a precipitate containing 3Ag 2 0.4B 2 0 :} , and after washing, 
4Ag 2 0.5B 2 0 3 . Boiling cone. soln. of the two salts precipitate silver oxide only ; 
whilst very dil. soln. give the same precipitate. L. Joulin also found that an excess of 
borax precipitates silver metaborate, AgB0 2 , from a cone. soln. of silver nitrate, but 
if the latter is in excess, or if the soln. be dil., silver oxide is precipitated. II. Rose 
found that potassium borate behaves like sodium borate ; a cone. soln. of ammonium 
borate precipitates silver borate from a soln. of silver nitrate ; with dil. soln. 
silver oxide alone is precipitated. As L. Vanino showed, the silver tetraborate 
first precipitated is more or less hydrolyzed according to the cone, of the soln. 
A. Laurent said that potassium hexaborate gave a white precipitate with soln. of 
silver nitrate. E. C. Franklin found silver borate is insoluble in liquid ammonia ; 
and H. Hamers, that it is insoluble in ethyl acetate. R. Abegg and A. J. Cox 
found a litre of aq. soln. at 25° contains about 9’0 r ) grms. of AgB0 2 ; and they 
also studied the hydrolyses of silver borate by water. Gold borate has not been 
]) repared. 
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§ 11. The Borates o! the Alkaline Earths 

T. Bergman 1 prepared calcium, barium, and magnesium borates. He said ; 

Depurated borax may be decomposed by boiling with lime ; the acid forsakes the caustic 
fossil alkali to seize the lime, and produces a salt scarcely soluble. The same thing takes 
place within ponderous earth, and magnesia. • * 

A. Ditte said that a boiling aq. soln. <jf borax does not decompose calcium carbonate, 
and C. Tissier, that calcium hydroxide but not calcium carbonate is soluble in a 
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boiling aq. soln. of boric acid, that barium carbonate is not soluble in aq. soln. of 
boric acid ; and that if a soluble calcium salt be boiled with an excess of an aq. 
ho In. of boric acid, no precipitate occurs if enough borax be added to make the 
sodium of the borax eq. to the calcium of the calcium salt. J. H. van’fc Hoff studied 
the parageVsia of the calcium borates in natural salt deposits. For the formation 
oFborate minerals, vide the occurrence of boron . A. Laurent studied the precipitates 
obtained by double decomposition of barium salts and borax ; judging from the 
analysis, the products appear to be mixtures. L. B. Guyton de Morveau obtained a 
transparent glass by melting two parts of borax with one of barium oxide ; and 
N. Tate melted barium sulphate with boric oxide at a high temp., but succeeded in 



Fms. 23 25. Freezing-point Turves of Binary Mixtures of Boric Oxide with Calcium, 
Strontium, or Barium Oxide. 

displacing only a part of the sulphuric acid. Two layers were formed, a soln. of a 
little barium sulphate in boric acid above and a soln. of a little boric acid in barium 
sulphate below. Similar results were •obtained with barium chloride and boric 
acid. W. Guertler partially explored the f.p. curves of fused mixtures of boric 
oxido with the alkaline earths, and obtained the results shown graphically in Figs. 23, 
24, and 25. The calcium curve has maxima corresponding with Ca0.2B 2 0 3 ; 
ra().Bj>0, { ; and 20aO.B 2 O 3 ; the strontium-curve likewise with Sr0.2B 2 0 3 ; 
SrO.B 2 () 3 ; aiuT2Sr0.B 2 0 3 . The curves were not continued to the left because of 
tfie non-crystallization of the glasses; and to the right, because the fusion temp, 
was outside the range of the apparatus employed. J. J. Berzelius noted that 
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• Fro. 20.- Solubility Curves in the Ternary System, BaO — B,0 3 — H a O, at 30°. 


small proportions of barium oxide give transparent glasses when mfclted with boric 
acid, but crystalline masses a»e formed with higher proportions of baryta. There 
9 nothing to show that calcium and strontium would not form orthoborates 
analogous to tlie barium compound ; or that barium would not form a salt 
analogous to the calcium ana strontium tetraborates. U. Sborgi has studied 
the ternary systems, CaO— B 2 0 3 — H 2 0, and BaO— B 2 0 3 — H 2 0, at 30°; the 
results with the lime system are represented graphically in Fig. 26, which shows 
but a portion of the triangular diagram, where ab denotes the solubility curve 
of"calctum hydroxide ; 6c, of Ca0.B 2 0 3 .6H 2 0 ; cd , of 2CaO.3B2Q3.9H2O ; de } of 
# Ca0.3B 2 03%12H 2 0 ; and e/ f of boric acid, B(OH) 3 . Similarly, with the baryta 
system, he obtained as^olid phases barium hydroxide BaO.H 2 0 with the solubility 
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curve ab t Fig. 27 ; BaO.B2O3.4H2O, be ; 
de ; and boric* acid, B(OH) 3 , ef 

L. Ouvrard claimed to have made 
orthoborate, 3Ca0.B 2 0 3 , or Ca 3 (B0 3 ) 2 , 
of boric oxide and calcium oxide or 
carbonate with a flux of calcium 
chloride, or bromide or of potassium 
hydrofluoride free from potassium 
chloride. The cold mass was digested 
with cold water and then with dil. 
acetic acid. The crystals become 
opaque when boiled with water ; and 
they are very soluble in dil. acids. 
The corresponding strontium ortho- 
borate, 3Sr0.B 2 0 3 , or Sr 3 (B0 3 ) 2 , was 
prepared in a similar manner, and 
it was found to be less readily 
attacked by water than with the 
calcium salt ; similar remarks apply 
to barium orthoborate, 3Ba0.B s 0j, 
or Ba 3 (B0 3 ) 2 . The last-named com- 
pound was also prepared by W. (luert- 
ler, and found to melt at about 13L5' J 
(Fig. 25). 

L. Ouvrard melted a mol of boric 0 


2BaO.3B2O3.6H2O, ed ; BaO.3B2O3.7H2O, 

transparent prismatic crystals of calcium 
>y melting at a red heat the eq. quantities 



F 10 . 27. Solubility Curve# in the Ternary 
System, Cu() - *11,0, ~H,0, at 30°. 

dde, 0 ,r ) mol of calcium oxide, and 2 mols of 


calcium chloride in the presence of 50 per cent, of sodium or potassium chloride, and 
extracted the cold mass with water ; 2 mols each of calcium oxide and bromide, 
and one of boric oxide gave similar rosults. Transparent, doubly refracting tabular 
crystals were obtained of dicalcium diborfcte, 2Ca0.B 2 0 3 , or 0u 2 B 2 O 5 , very resistant 
towards cold water, but soluble in dil. acids. H. S. Roberts gave 1304° for the 
m.p. L. Ouvrard prepared distrontium diborate, 2SrO.B 2 0 3 , or Sr 2 B 2 0 6 , and 
dibarium diborate, Ba 2 B 2 0 5 , in a similar manner. Tin* prismatic crystals,of the 
strontium compound arc readily soluble in dil. acids, and form .the tetrahydrated 
metaborate when treated with water. W. Ouertler prepared these three salts — 
Figs. 23 to 25 -and found them to melt with decomposition respectively at 1225°, 
1115°, and L002 ,J . A. Dittc claimed to have made tabular and columnar crystals 
of tristrontium tetraborate^ 3Sr0.2B 2 0 3 , by heating cqui-molar parts of strontia and 
boric oxide in a carbon crucible to bright redness. The molten portion crystallized 
on cooling. The chemical individuality of the product has not been confirmed. 

A. Ditte reported calcium metaborate or diborate, Ca0.B 2 0 3 , or Ca(B0 2 ) 2 , 
to be formed by fusing the precipitate obtained by adding borax to a soluble calcium 
salt, with a mixture of potassium and sodium chlorides and less than 25 per cent, of 
calcium chloride ; and H. le Chatelier also prepared the crystals by melting together 
equi-molar proportions of the components. The crystals were washed with water 
and dil. acetic acid. As L. Vanino showed, the tetraborate first precipitated is 
hydrolyzed, thus CaB 4 074-3H 2 0r=*Ca(B0 2 )2-l-2H3B0 3 ; or even CaB 4 0 7 4-7H 2 0 
<=±Ca(0H) 2 -l-4H 3 B0 3 crystals form transparent yeedles, prisms, or platys, which, 
according to E. Mallard, belong to the rhombic system, and have axial Jatios a : L; c 
— 1 0 539 : 1 : 0*372. The double refraction is negative, and the indices of refraction 
for Na-light are ft a — 1*540 ; ^ =1*656 ; and fi y = 1T>82. A. Ditte found that the 
crystals are insoluble in water, in aq. soln. of the alkali chlorides, or in boiling cone, 
acetic acid ; but they are soluble in hot or cold soln, of ammonia salts— especially 
the nitrate ; and readily soluble at 50° in dil. mineral acids. W. Guertler prepared 
the same compound melting at 1100° (Fig. 23). L. Ouvrard prepared strontium 
metaborate or diborate» Sr0.B 2 0 3 , and found that water converted it into the 
dihydrate. W. Guertler’a preparation melted at about 1100° (Fig. 24 ). L, Ouvrdrd 
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made barium metaborate or dfboratt, BaO.B s O a , in a similar manner to the 
atrontiZcompound ; R. Bcnedikt made it by melting 

eq. amount of barium chloride, and extracting the mass with water , and W» 
made it by fusing together the components. The acicular crystals melt at 1060 
(Fig. 28). fi. Tammann found the heats of soln. of calcium and strontium meta- 
boratofl in N- HC1, to be respectively 161 and 141 cals. per gram for the crystals, and 
211*and 175 cals, per gram to? the ‘glasses ; hence, the heats of crystallization are 
respectively 50 and 34 cals, per gram. The sp. hts. of the crystals were respectively 
0'222 and O' 1 70, and of the glasses 0‘218 and 01 75. 

A. Ditto mixed the precipitate, obtained by adding borax to a soln. of a calcium 
salt and washing, with an excess of a soln. of calcium hydroxide ; crystals are 
gradually formed which he regarded as heptahydrated calcium diborate, but which 
J. H. van’t Hoff and W. Meyerhoffer showed to be hexahydrated calcium diborate, 
0a(B0 2 ) 2 .6H 2 0. W. Meyerhoffer made the same salt b^ the action of boric acid on 
calcium chloride in an aq. soln. of potassium hydroxide. The conditions of stability 
at 30° were worked out by U. Sborgi, Fig. 27. When a soln. of calcium hydroxide 
is gradually added to an eq. quantity of a soln. of boric acid at 60°-70°, an amorphous 
precipitate is formed approximating to CaO.B2O3.4H2O ; but after shaking the 
mixture for several days, the precipitate becomes crystalline and has the composition 
OaO.B2O3.6H2O. Two-thirds of the water is lost at 105°, and the remainder at a 
red heat ; and it is hence inferred that 4 mols. of water are associated differently 
from the remaining two ; and this idea is expressed by regarding the salt as tetra- 
hydrated calcium tetrahydroxyorthoborate, 0a[0.B(0H) 2 ] 2 .4H20. According 
to A. Ditto , the crystals are six-sided prisms, or hexagonal plates. They are rapidly 
dehydrated at 80°, at 10° a litre of water dissolves 2 grms. of the salt, and the soln. 
has an alkaline reaction. The salt is not decomposed by atm. carbon dioxide. 
According to J. H. van’t Hoff, U. Behn, and W. Meyerhoffer, when the hexahydrate 
is heat'd with water below 50°, long rectangular crystals are formed of an unstable 
tetrahydrated a-calcium diborate, Ca(Bt) 2 ) 2 .4H 2 0, which has a transition temp, 
at 24° when it passes into the hexahydrate. When the a-salt is heated it contracts 
and passes into a stable /3-form, namely, tetrahydrated /3-calcium diborate. This 
change is greatly accelerated if sodium chloride be present in the soln. — with a 10 
per cent. soln. of sodium chloride it occurs at 40°. The crystals of the hexahydrate 
were, also found to become opaque when warmed, and to pass by reversible trans- 
formation at 45 5° into an unstable dihydrated calcium diborate, Ca(B0 2 ) 2 .2H 2 0. 
H. Rose obtained this salt by treating equi-molar parts of cold soln. of sodium 
metaborate and calcium chloride ; pressing the precipitate, and drying at 100° — 
the analysis agreed with llCa0.10B 2 03.18HoO. At 200°, the salt still retained a 
mol of water, and not all was expelled at 300°, The salt absorbs carbon dioxide 
when it is being washed, and the product is then poorer in water. The precipitates 
which H. Rose obtained under similar conditions with barium chloride were regarded 
as barium borocarbonate, 3(Ba0.B 2 03.H 2 0)C0 2 . or Ba0.B 2 0 3 .C0 2 .7H20. 

A. Ditto prepared pentahydrated strontium diborate, Sr(B0 2 ) 2 .5H 2 0, by a 
proceM similar to the one he employed for his heptahydrated calcium diborate. A 
litre 01 water at 10° dissolves 2 3 grms. of the prismatic crystals without decomposi- 
tion. L. Ouvrard obtained tetrahydrated strontium diborate, Sp(B 0 2 ) 2 .4H 2 0, 
by the action of water on Ips 2Sr0.B 2 0 3 ; and prismatic crystals of dihydrated 
strontium $iborate, Sr(B0 2 ) 2 .2li 2 0, by the action of cold water on his SrO.B 2 Q3. 
TSe crystals become matt on exposure to air, and, according to E. Mallard, they 
belong to the rhombic system, and have a sp. gr. of 3 34. J. J. Berzelius prepared a 
hydrated barium diborate, Ba0.B 2 0 3 .wH 2 0, by adding potassium diborate to a soln. 
of barium chloride. H. N. Morse with W. M. Burton and D. W. Horn found that 
when the precipitate obtained with an alcoholic soln. of boric acid is treated with 
baryta water, it has a constant composition BaO : B 2 03=l : 1, and can be used for 
the gravimetric determination of boric acid in the presence of carbonates ; L. C. Jones 
allowed that the process is not accurate in aq. soln. A. Ditte prepared pen t * » 
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liydroted barium diborate, Ba(B0 2 ) 2 .5H 2 0, by the process he employed for the 
Strontium salt ; the crystals lose their water when heated and fuse to a transparent 
glass at a red heat. L. Ouvrard obtained tetrahydrated barium diborate, 
pa(B0 2 ) 2 .4H 2 0, by a process similar to that which he employed for the strontium 
palt. A. Atterberg also prepared the same salt by mixing warm soln. of*two mols 
sof barium hydroxide and one mol of boric acid, and allowing the mixture to stand for 
«ome time. The voluminous precipitate furnishes prismatic crystals which do not 
melt in their own water of crystallization. The dehydrated salt melts at a white 
heat, and cools to a mass of needle-like crystals. U. Sborgi explored the region of 
stability of the tetrahydrate at 30°, Fig. 26. By using an excess of barium hydroxide 
in a boiling soln., A. Atterberg obtained crystals of dihydrated barium difeor&te, 
Ba(B0 2 ) 2 .2H 2 0 ; L. Ouvrard obtained the dikydrate by a similar process to that 
used for the strontium salt. A. Laurent dropped a soln. of the octoborate 
Na 2 0.4B 2 0 3 into a warm soln. of barium nitrate, and obtained what he regarded 
as decahydrated barium diboraie . Ba0.B 2 0 3 .l()H 2 0. 

G. vom Rath applied the term pander mile to a hydrated calcium borate which 
occurs in a field covering about 20 sq. miles near the port.of Panderma, on the Black 
Sea side of Asia Minor ; the field embraces the villages of'Sultan, Thair, Yildiz, 
and Omerly. It is situated in a basin surrounded by .volcanic hills and the 
presence of hot mineral springs in various parts testifies to the volcanic influences at 
work in the formation of this mineral. Pandermite exists in closely packed snow- 
white nodules of irregular shape and size, in an enormous bed of grey-coloured 
gypsum, covered with several feet of clay. The chemical composition approaches 
that of eolemanite, but the latter exfoliates and decrepitates when heated, while 
pandermite sinters together and fuses to a transparent mass. The general appearance 
of pandermite recalls that of fine-grained marble. Analyses and reports have been 
made by K. Kraut, G. Linck, A. Kenngott, M. Sehluter, A. Scheuer, J. E. Whitfield, 

F. Pisani, G. vom Rath, etc. The range isB 2 0 3 , 40 90 to 48G3 per cent. ; OaO, 

27 22 to 32TG per cent. ; water, 18*06 to 19'lo per cent. ; and in addition, a sample 
contained : 

M«0 CaCoj Nad MgCI, Fe,0, II,S0 4 S10, 

0-24 G-82 0-44 <)01> 0 00 2*11 2 47 per cent* 

Pandermite is sold on a basis of 44 per cent. B 2 0 3 — sometimes as Turkish boractir. 

K. 8. Dana, J. E. Whitfield, and E. 8. Larsen considered pandermite to belong to 
the same mineral species as princeite, which occurs, associated with serpentine, in 
compact nodules and in chalky powder consisting of minute rhombic crystals 
near Chetko in Oregon. The analyses of B. Silliman, and A. W. Chase correspond 
with 3Ca0.4B 2 0 3 .6H 2 0 ; and this in turn is not very different from the cryptomor- 
ph He of H. How, except that the latter contains some soda. C. F. Rammelsberg 
represented the composition of pandermite by Ca3B 8 0 16 .5H 2 0, or 3Ca0.4B 2 0 3 .5H 2 0 ; 

G. vom Rath, 2Ca0.3B 2 0 3 .3H 2 0 ; B. Silliman, H. Gjjbert, G. Linck, and W. Meyer- 
hoffer and J. H. van’t Hoff, CaaB^O^/Hl^O, where the ratio CaO : B 2 0 3 — 4 : 5. 

The best representative formula is enneahydrated tetracalcium decaborate, 
4 CaO. 5 B 2 O 3 . 9 H 2 O. According to J. H. van't Hoff, pandermite is synthesized by 
boiling boronatrdcalcite with a sat. soln. of sodium and potassium chlorides — the 
temp, approximates 110°. When the product is allowed to stand a few days with 

its own mother liquid, well-developed crystals are produced. G. Linck fo&nd that^ * 
the crystals of pandermite belong to the monoclinic system with a : b : c =0*555 : 1 : — , 
and p about 70°. The optical axial angle 2F„ is about 35°; and the cleavage 
parallel to (001) is good, while that parallel to (110) is not so good. The index of 
refraction is 1*592, E. 8. Larsen gave a=l*582, p=l*592, and y less than 1*606. 

G. Linck gave 2*433 for the sp. gr. 

H. Rose prepared what he regarded as heptahydrated tristrontium decaborate, 
3 SrO. 5 BjO 3 . 7 H 2 O, by mixing equi-m^lar soln. of borax and strontium ohloride in * 
the cold— if the soln. be heated , less bone oxide is present in th^product. The pressed 
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precipitate dried at 100° retains 7 mole of water, S of which are lost at 200°. A, Ditte 
prepared Jong silky needles of anhydrous dic&ldum hexaborate , or calcium sesqui * 
borate, 2Ca0.3B 2 0 3 , or Ca 2 B fl Oj 1( by fusing calcium oxide with a small excess of boric , 
oxide in the presence of f>0 per cent, of a mixture of sodium and potassium chlorides ; 
and also by melting some calcium borates with alkali chlorides. He also made six- 
sided prisms of dibarium Jiexaborate, or barium SMquiborate , 2Ba0.3B 2 0 3 , or 
Ba 2 B 6 O n , in a similar way. The salt is easily soluble in warm dil. acids. 
The mineral colemanite approaches pentahydrated dicalcium hexaborate, 
2Ca0.3B 2 0 3 .5H 2 0, or Ca 2 B 6 0nr>H 2 0, in composition. It was named after 
W. T. Coleman, one of the founders of the Californian borax industry. The chief 
source of supply are the mines in Death Valley, California, and at Lang, near Los 
Angeles. The mineral has the appearance of ealespar, and is sometimes called 
borspar ; its colour varies from white to yellowish- white, or grey ; its hardness is 

3 J to 5, and although it pulverizes easily, the sharj* edges of the crystals rapidly 
wear the pulverizing plant. The ore as mined runs 30 to 35 per cent, B 2 0 3 . A 
selected sample from Lang, according to F. M. Dupont, had the analysis : 

(JaO Al$0 3 Fc 4 0 3 MrO C0 2 8IO a H a <) 

31*10 23-74 * 1-27 1*32 236 5*14 13*97 16-10 

Analyses have also been made by J. T. Evans, and J. K. Whitfield. According to 
J. H. van’t Hoff, the naturally occurring calcium borates lie between the di- and 
hexaborates, and borates containing CaO : B 2 0 3 in the same ratio as in colemanite, 
are obtained by adding boric acid to the diborates, or removing boric acid from 
the higher borates. For example, colemanite is synthesized in a crystalline form by 
heating to 70° a mixture of 140 e.o. of water with 50 grms. of sodium chloride and 

4 grms. of boronatrocalcite, together with 0*4 grm. of boric acid to avoid the produc- 

tion of pandermite. If. Rose made a hydrated borate by adding an excess of 
calcium chloride, to a soln. of borax ; after washing it contained Ca() : B 2 0 3 in the 
ratio 2 : 3, and when dried at 100° rtdainetf 31 to 5 mols of water; and at 300°, 
1| mols. The up. gr. of colemanite so prepared is 2 43. J. T. Evans found 2’428, 
and G. vom Rath gave 2 417 for the sp. gr. of nat ive borate ; G. vom Rath found the 
menoclinic prisms of the mineral have the axial ratio a: h : c- -0*7769 : 1 : 0*5416, 
and j8-=110° 17' ; A. W. Jackson gave 0 7748 : 1 : 0*5410, and ]3— 69° 50' 45" ; and 
*A. S. Eakle, 0*7768 : 1 : 0*5430, and j8— - 110° 7'. W. W. Coblentz found colemanite 
to be unusually opaque to ultra-red radiations, audit is almost opaque beyond 3/x. 
This opacity is characteristic of the borates. The water bands at 1*5/4, 2/x, and 3/x 
are almost obliterated. The reflecting power is very low. There are maxima at 
7*3/t, (7'6/x), 9*4p., 10*6/1, and 11*2 /x. A. S. Eakle described a borate from Lang, Los 
Artgelcs, which agrees with colemanite from Death Valley, Inyo, and Calico district, 
San Bernardino, in its general chemical and physical properties, hut “ in its optical 
properties it is somewhat different so that the name neocolcmanite is proposed to 
distinguish it as a variety from colemanite.'’ A. Hutchinson, however, showed that 
the two minerals have the same optical and crystallographic properties if the 
nitocolemanite crystals bo rotated through 180° about the normal to the cleavage 
plane (001). The double refraction is positive ; and the indices of refraction, 
according to A. Miilheims, are : • 
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According to W. Meyerhoffer and J. H. van't Hoff, when hexahydrated calcium 
diborate, Ca(B02)2.6H 2 0, is heated at 100° with a 3 per cent. soln. of boric acid, it is 
converted into heptahydrated dicalcium hexaborate, Ca 2 B 4 0 n .7H 2 0, which 
forms long rectangular crystals possibly identical with the hexahydrate reported 
by K. Kraut in 1862 as being obtained by tjie action of water on boronatrocalcite. 
It is distinguished f$om colemanite in the proportion of water it contains, and, 
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regarded as a mineral, it is called meyerhojferiie. W. T. Schaller found small trans- 
parent colourless crystals of meyerhofferite in the colemanite deposit of Death 
Valley (Cal.). The triclinic crystals had the axial ratios a : b : e- 0*7923 : 1 : 0*7750, 
and a~89° 32', j3— 78° 19', y--86° 52 / ; the sp. gr. was 2*120 ; the hardness 2 ; and 
refractive indicesa— 1*500, j3~r535,y~l*560. The mineral fuaes without decrepita- 
tion, but with intumescence, forming an opaque white enamel. A. Atterberg also 
made heptahydrated dibarium hexaborate, Ba 2 B e 0 11 .7H 2 0, as an amorphous 
precipitate by adding boric acid to an excess of an aq. soln. of barium hydroxide. 
It loses 4 mols of water at 100°, and the remainder on further heating ; it melts 
at a red heat without swelling. W. Meyerhoffer and J. H. van’t Holt also made 
enneahydrated calcium hexaborate, Ca 2 B 6 0 n .9H 2 0, by heating hydratedecalcium 
diborate with the requisite amount of an aq. soln. of boric acid ; or by the action of 
water on octohydrated calcium hexaborate, Ca 3 B 6 0 n .8H 2 0, at ordinary temp. It 
forms crystals resembling aifgite. The mineral inyoite is tridecahydrated calcium 
hexaborate, CaB fl O2 0 .13H 2 O. Crystals found by W. T. Schaller in the colemanite 
deposit of Death Valley (Inyo Co., Cal.) ; and by E. Poitevin and H. U. Ellsworth 
in the Whitehead gypsum quarry, Hellsborough (New Brunswick, Canada). The 
monoclinic crystals of inyoite have the axial ratios a: b‘: c— 0*94 : 1 : 0*67, and 
f}— 62° 30' ; the sp. gr. is 1*875; hardness 2; and refractive indices a 1*495, 
j8-^l*51, and y— 1*520. Inyoite decrepitates and fuses with intumescence before 
the blowpipe flame. 

H. Rose prepared enneahydrated tricalcium decaborate, Ca 3 Bi 0 ()j8.9H 2 O, 
or 3Ca0.5B 2 0 3 .9H 2 0, by precipitation from a cold soln. of calcium chloride with 
borax in equi-molar proportions. The exact proportions of water in H. Rose's 
product was not definitely determined, but J. H. van't Hoff also made needle-like 
crystals of the ennea hydrate by heating boronatrocaleite with a soln. of borax, when 
2Ca0.3B 2 () 3 .7H 2 () is formed at an intermediate stage of the reaction. 11. Rose 
also made heptahydrated tristrontium decaborate, 8r 3 B, 0 0 J8 .7H 2 0. If precipi- 
tated from a hot soln., the product contains a smaller proportion of boric oxide. 
H. Rose made hexahydrated tribarium decaborate, :3Ba().5B 2 0 3 .6H 2 0. H. Rose 
found the strontium salt retains 3 mols of water at 200°, J. .1. Berzelius said that 100 
parts of cold water dissolve one part of the barium salt ; and on cooling the hot floln. 
a white powder is deposited ; carbon dioxide precipitates barium carbonate from the 
soln. According to R. H. Brett, and H. W. F. Wackenroder the salt dissolves 
readily in cold aq. soln. of ammonium chloride or nitrate ; and, according to H. Rose, 
in a soln. of barium chloride. L. C. Jones found barium borate is decomposed by 
carbon dioxide in aq. or alcoholic soln. 

A. Ditte prepared crystalline plates of anhydrous calcium tetraborate, CaB 4 0 7 , 
or Ca0.2B 2 0 3 , by melting calcium oxide with an excess of boric acid and a mixture 
of sodium and potassium chlorides. B. Blount and W. Guertler (Fig. 23) made this 
compound by fusing the constituents together, and they added that it is decomposed 
by water. A. Ditte and H. le Chatelier also made fine needles of anhydrous strontium 
tetraborate, Sr0.2B 2 0 3 , by boiling strontium carbonate with boric acid ; by 
precipitating a soln. of strontium nitrate with borax ; and by the method bsed 
for the calcium # salt. W. Guertler found that if strontia is melted with an excess of 
boric oxide, two layers are formed : the upper layer contains but little strontia, 
but when the lower glassy layer is heated some days it forms crystals of this salt 
from which the excess of boric acid is removed by water — vide Fig. 24/*' A. Dittft 
made anhydirous barium tetraborate, BaB 4 0 7 , by a process similar to that employed 
for the Btrontium salt. All these borates are soluble in dil. nitric. acid. J. J. Ber- 
zelius noted that when calcium chloride is added to a warm soln. of borax, the 
precipitate redissolves (on cooling), hut if an excess of borax be used, the pre- 
cipitate is permanent. A. Ditte prepared pentahydrated calcium tetraborate, 
CaB 4 0 7 .5H 2 0, by adding lime water to an aq. soln. of boric acid sat. at 40° and 
wanning the filtered soln. to 70° ;« the precipitate which is formed' redissoives 
as the soln. cools ; but if most of the # hot mother liquid *be poured off, and the 
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precipitate and the mother liquid be allowed to stand for some months, needle-like 
crystals of this salt are formed. They are decomposed by much water into the 
diborate. The beehilite of E. Bechi, and the hayesine of D. Forbes were considered 
to be tetrahydrates, but J. H. van’t Hoff could not make them artificially. 
J, Tiinnermann believed the air-dried precipitate produced by adding borax to a 
soln. of calcium nitrate is a mo nohydrate, Ca0.2B 2 0 3 .H 2 0 ; L. R. Lecanu obtained 
what he regarded as a tetrahydrate, CaO. 2 B 2 O 3 . 4 H 2 O, by the action of boiling 
water on boronatrocaleite ; 0. Popp obtained what he regarded as the octohydrate, 
CaO. 2 BoO 3 . 8 H 2 O, by drying in air the product obtained by heating an aq. soln. of 
boric acid with calcium carbonate. E. Bechi found crusts of tetrahydrated calcium 
tetrabofate are deposited from the Tuscan springs, and, when regarded as a mineral, 
the salt is called beckilile ; and the hayesive of D. Forbes, deposited from the hot 
springs of Banos del Toro, Cordilleras (Coquimbo), is possibly the same. The boro - 
cahite found by A. A. Hayes at Iquique (Peru) waff said to be a hexahydrate, 
Ca0.2B 2 0 3 .6H 2 0. J. H. van’t Hoff said that all attempts to prepare borocalcite , 
Ca0.2B 2 0 3 ,4Ho(), from natural sources have been unsuccessful ; various specimens 
from collections have been shown to be boronatrocaleite, pandermite, etc. Experi- 
ments to prepare it have also been without the desired result. An aq. soln. of lime 
and boric acid, kept at 40° for three weeks, deposits a substance of the approximate 
composition demanded bv the formula ; it is really, however, a mixture of calcium 
hexahorate, Ca0.3B 2 0 3 .4H 2 0, and dicalcium hexaborate, 2Ca0.3B 2 0 3 .9H 2 0. At 
83°, however, this soln. deposits, after two months, eolemanito ; this is the best 
method of obtaining artificial eolemanite. Borocalcite, if capable of existence, is 
therefore very difficult to prepare. J. H. van’t Hoff also studied the limits of 
formation of eolemanite, pandermite, boronatrocaleite, and the tetrahydrate, 
NaCaB 5 Ofl, 4H 2 0, and represented his results graphically in conjunction with those 
of sylvine, borax, calcium chloride, etc. The rule that the difficulty of forming 
artificial minerals increases from the ehlorides*to the sulphates and to the borates 
is given a quantitative significance, in which the idea of “ mean valence ” is intro- 
duced. “ Mean valence ” is a quotient of two totals ; the values for Na, K, Cl are 
1 ; Ca, Mg, S 0 4 , 2 : B 2 0 3 , 6 , and H 2 0, 4, in the numerator, those in the denominator 
being Na, K. Cl, Ca, Mg, S0 4 , 1 ; B 2 0 9 , 2 ; and H 2 0 ; thus for ascharite, MgHB0 3 
oj 2Mg0.B 2 0 3 .H 2 0-=(4-f 6 -f 4)/(2-f2-f-3)~-2. A. Laurent and A. Ditto obtained 
tetrahydrated strontium tetraborate, Sr0.2B 2 0 3 .4H 2 0, by double decomposition 
between aq. soln. of borax and strontium chloride. R. H. Brett said that the 
precipitate is soluble in soln. of ammonium salts, and that 100 parts of water dissolve 
0'77 part of the salt. It is thought that the product obtained by J. J. Berzelius, 
and C. G. Gmelin, and J. Tiinnermann by the action of an excess of borax on a soln. 
of barium chloride is hydrated barium tetraborate salt. According to L. W. Kdb 
renter, it behaves like barium carbonate towards alkali sulphates. 

According to A. Ditte, if ealespar be boiled with a sat. soln. of boric acid, tetra- 
hydrated calcium hexaborate, Ca 0 . 3 B 2 03 . 4 H 2 0 , or CaBflOjoAHoO, is formed as 
a crystalline crust which loses all its water at 200 °, and melts to a glassy mass at 
400 . W. Meyerhoffer and J. H. van’t Hoff found that the dodecahydrated 
oaldum hexaborate, CaB fl Oio.l2H 2 0, is formed by shaking the above hexahydrate 
with boric acid in cold aq. soln. ; the conversion is complete in about twenty-four 
hours. # This hydrate is unstable and changes at the ordinary temp, into the octo- 
•^iiydrated 'calcium hexaborate, CaB 6 O 10 . 8 H 2 O, which forms doubly refracting 
leaflets and slowly undergoes degradation to A. Ditte’s tetrahydrate. A. Ditte made 
Strontium hexaborate, Sr0.3B 2 0 3 , by the action of borax on an excess of strontium 
oxide. According to A. Atterberg, if an aq. soln. of baryta-water be dropped into 
an excess of an aq. soln. of boric acid, a precipitate nearly corresponding with 
hexahydrated barium hexaborate , BaO. 3 B 2 O 3 . 6 HgO, is formed, but since the composi- 
tion varies a little, the product is thought to be a mixture. 

< A. Lament boiled milk of lime with an excess of boric acid, and obtained a white 
precipitate whose analysis corresponded wjth enneahydrated calcium octoborate, 
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OaO.4B2O3.9H2O; and A. Ditto obtained dodecahydrated calcium octoborate, 
Ca0.4B 2 Q3.12H 2 0> by treating a soln. of boric acid, sat, at 40°, with milk of lime, 
and evaporating the filtered soln. slowly at ordinary temp. The product decomposes 
at 70° into water, boric acid, and a little tetraborate which in turn decomposes into 
the diborate. A. Ditte also prepared heptahydrated strontium octoborate* 
SrO.4B2O3.7H2O, dodecahydrated strontium odpborate, Sr0.4B 2 0s.l2H|0 ; 
and also dodecahydrated barium octoborate, Ba0.4B 2 0 3 .12H 2 0. A. Laurent 
assumed that he made barium, strontium, and, calcium dodecaborates as precipitates 
by adding ammonium or an alkali dodecaborate to a soln. of the corresponding salt. 

J. J. Berzelius found calcium oxide dissolves in fused borax, forming a clear glass, 
which on cooling furnishes a crystalline mass if a large proportion of lime is present ; 
if otherwise, a glass is formed. The mineral boromtrocalcitc is a sodium calcium 
borate also called ulexite after G. L. Ulex, 2 who first gave a correct analysis. It 
occurs in the dry plains of, the provinces of Tarapaea, Atacama, Ascotan, Mari* 
eunga, and Copiapo in Chile and Peru, as in white roundish mosses mixed with 
aluminium, magnesium, calcium, and sodium sulphates, sodium chlorides, etc. 
These masses are locally called tiza, cotton-balls, tincalcite, or borax-lime. It also 
occurs in the desert regions in zones or layers alternating wkh strata of salty earth, 
and also on the West African coast ; in Nova Scotia ; etc. Analyses have, been 
published by G. L. Ulex, C. F. Rammelsberg, A. Dick, K. Kraut, F. W. lielbig, 
G. Lunge, M. Kletzinsky, T. L. Phipson, A. Salvetat, H. How, T. L. Walker, etc. 
These analyses range from 34*7 1 to 495 per cent, of boric oxide; 12 69 to 15'9, 
calcium oxide ; 5*42 to 1195, sodium oxide ; O’. 1 } to VO, potassium oxide ; 25*80 to 
37*40, water ; 0*81 to 2*65, sodium chloride ; magnesia up to about 0*5 ; sulphate- 
up to about 1*5 per cent. ; and earthy matters and sand up to about 5 per cent. 
F. M. Dupont gives the following analysis of a sample from Ascotan, and 
J. E. Whitfield of a sample from Rhodes’ Marsh, Esmeralda County, Nevada ; 
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and in sample A, 0*24 per cent, of ferric oxide and alumina, and in sample B,/J*44 
per cent, of K 2 0. The difficulties in the determination of boric oxide left the 
composition of the mineral for some time in doubt ; and it was thought that the 
contained soda might be present as an impurity. A. Raimondi stated that all 
Peruvian calcium borates contain some soda, Different formula) have been assigned 
to the mineral ; K. Kraut gave (Na 2 0.2B 2 0 3 )(Ca0.3B 2 03).15H 2 0, or Na^aR^O^. 
15H 2 0 ; C. F. Rammelsberg, (Na 4 B 6 0 11 )(Ca 2 B ft 0]D 2 .28H 2 0 ; J. E. Whitfield 
gave NaCaB 5 0g.6H 2 0 ; and L. Darapsky, and H. Gilbert, NaCaB 6 O 0 .8H 2 O, i.e. 
Na 2 0.2Ca0.5B 2 0 3 .16H 2 0. The analyses of 
artificial boronatrocalcite agree with the last- 
named formula, hexadecahydrated sodium 
dicalcium decaborate. 

T. L. Walker measured the loss which 
occurs when the ulexite is heated for 24 hrs. 

■ at different temp, up to 355° ; he found that 
the first 12 mols of water are given off very 
readily and in proportion to the rise of temp., 
except the fifth mol, which appears to be more 
firmly held ; the last four mols are held more 
closely and are slowly driven off. Of these, 
the last is held most firmly, and is given off 
between 355° and red heat. The dehydration 
curve is illustrated in Fig. 28. 

H. How’s cryptofnorphite occurring fn minute plates, has an amjysis corre- # 
sponding with Na 2 0.3Ca0.9B20 8 .I2H 2 0 ; it is said to lose much of its water when 
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exposed to air. It is probably a mixture. J. E. Reynolds obtained a massive white 
mineral with a fine fibrous structure, of hardness 1, and sp. gr. 1*65, from Tara- 
paca, Peru. Analyses agreed with the formula 2Na20.2Ca0.6B 2 0 8 .15H20, or 
Na 2 CaB ft Oj j.7 JH 2 0, and it was named franklandile. J. H. van’t Hoff said that the 
analytical data correspond with an impure boronatrocalcite, and his attempts to 
obtain the product artificially were unsuccessful ; when a mixture of boronatro- 
calcite and borax is heated to 60°, pentahydrated sodium tetraborate appears at 
60°, and at 63°, the boronatrocalcite loses water with the formation of octohydratffd 
sodium dicalcium decaborate, Na 2 0.2G’a0.5B 2 0 3 .8H 2 0, or NaCaB 5 0 9 .4H 2 0. Con- 
sequently, the formation of colemanite from boronatrocalcite at about 65° according 
to the equation : 2NaCaB 6 09.8H 2 0— Na 2 B 4 07.5H 2 0-f C^BflOu.SH^-f 6H 2 0, is 
possible only when superheating of the boronatrocalcite takes place. This implies 
that the upper temp, limit for the existence of boronatrocalcite is lower than that 
previously recorded, and dilatometer experiments indicate that this limit is below 
60°. In presence of sodium chloride, borax, potassium chloride and glaserite, 
decomposition of boronatrocalcite was found to take place at 51°. 

A. B. de Sehulten prepared boronatrocalcite by the action of an excess of a cold 
sat. soln. of borax on calcium chloride ; the amorphous precipitate is transformed in 
5-30 days into a mass of fine crystals. J. II. van’t Hoff made it by mixing 110 grms. 
of hexahydrated calcium diborate, 40 grms. of boric acid, 100 grms. of borax, 450 
grms. of calcium chloride, and 2| litres of water. The mixture is seeded with boro- 
natrocalcite, and in a few days, the crystals are filtered off ; washed successively 
• with water, 75 per cent, alcohol, and ordinary alcohol ; and then dried. W. Foshag 
and others assume that boronatrocalcite is formed in nature by the action of soln. 
of boric acid and sodium salts on marble ; J. H. van’t Hoff studied the paragenesis 
of the sodium calcium borates in the formation of salt deposits. 

Although boronatrocalcite occurs in microscopically fine crystals— needles and 
plates — of snow-white colour, exact crystallographic data are not available. 
H. Buttgenbach has made somo measurements. A. des Cloizeaux examined the, 
corrosion figures. H. How gave 1*65 for the sp. gr. of the mineral ; and A. B. dc 
Sehulten, 1’955 at 15° for the artificial compound. The compound loses its water of 
crystallization when heated ; and melts at a red heat. H. Buttgenbach said that 
the crystals have«a positive double refraction, while those of boroealcitd are sometimes 
negative. Cold water extracts some sodu from the mineral, but even boiling water 
(1 : 40) does not remove the soda completely, 'and L. R. Lecanu, and J. H. van’t Iloff 
obtained crystals of tetrahydrated calcium tetraborate, Ca(3.2B 2 0 ; j.4H 2 (), from the 
hot aq. soln., while K. Kraut obtained 20a0.3B 2 0 3 .6H 2 0. According to J. H. van’t 
Hoff, the transformation of boronatrocalcite into the. tetrahydrate- -pandermite — 
proceeds much taster in porcelain than in glass vessels. With a boiling soln. of 
ammonium chloride, boronatrocalcite gives off ammonia. 
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§ 12. The Borates of Beryllium, Magnesium, Zinc, Cadmium, and MercurjT 

W. Uuortler 1 found beryllium oxide is but sparingly soluble in fused boric oxide. 
G. Kriiss and II. Moraht found that freshly precipitated beryllium hydroxide does 
not act on boric acid, and barium borate gives no beryllium borate on treatment 
with beryllium sulphate, but simply the hydroxide. The borate may, however, 
be obtained by precipitating beryllium chloride soln. with borax soln. or by 
neutralizing the same with sodium carbonate in presence of a large excess of boric 
acid. It is a white precipitate, resembling beryllium hydroxide, and has the composi- 
tion of a basic salt, namely, pc niabery Ilium diburatc , bBeO.JB^Oa, which B. Bleyer and 
L. Paczusky believe is a solid soln. of boric acid in beryllium hydroxide. They 
found that the ratio of distribution of boric acid between water and beryllium 
hydroxide is independent of the cone, of the boric acid at 20° and at 100°, showing 
that no definite compounds can be formed by the action* of aq. soln. of bork; acid 
and beryllium hydroxide, and that the boric acid removed by the hydroxide forms 
a solid soln. The cone, of the solid soln. formed when aq. soln. of beryllium sulphate 
and borax are mixed, varies considerably with the cone., and with the relative 
proportions of the reacting substances. Precipitates containing the largest propor- 
tions of boric acid are obtained when the beryllium salt reacts with an eq. quantity 
of sodium borate in a soln. of the highest possible cone. The addition of sodium or 
ammonium sulphate to the soln. has no appreciable influence on the composition 
of the precipitate. • . 

The greyish- white mineral humbergile is possibly a solid soln., although it is 
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usually regarded as a basic borate in which two of the three hydrogen atoms of boric 
acid are displaced by beryllium, and the other, by the monad radicle Be(OH), 
forming beryllium hydroxyorthoborate, BeOH.BeBOg. It was first found by- 
W. C. Brogger near Hegermn, in Norway ; A. Lacroix found it near Imalo, in 
Madagascar ; R. C. Burton found crystals at Cashmir in India ; and H. Backstrom 
at Jacobsberg. According to W. C. Brogger, the crystals are rhombic with axial 
ratios a : b : c— 0 79876 : 1 : 0*72669 ; and they have also been studied by V. Gold- 
schmidt and co-workers, by A. Lacroix, W. J. Sokoloff, and R. C. Burton. Ham- 
bergite is soluble in hydrofluoric acid. H. Haga and F. M. Jager obtained X-radio- 
grams corresponding approximately with the rhombic holohedral symmetry. The 
sp. gr.^is 2*347 ; the hardness 7*f> ; the crystals do not melt in the blowpipe ; th^ 
double refraction is strongly positive, and the indices of refraction are : 

Ll-Une Na-llue Tl-Hue 

a 1*5542 "l 5695 1 5693 

R 1-5891 1*5908 1*5928 

y 1-6294 1-6311 1*6331 

M. Puaux assumed that magnesium poly borates are formed in order to account 
for the augmented solubility of boric acid in water containing a little magnesia. 
C. Tissier found hydrated magnesium carbonate is soluble in a boiling soln. of boric 
acid, but the anhydrous salt is insoluble, and calcined magnesia dissolves slowly ; 
0. Popp said magnesite is decomposed by a soln. of boric acid in brisk ebullition ; 
and magnesia alba forms a sparingly soluble basic salt. J. C. U. de Marignac evapo- 
rated to dryness a soln. of boric acid and aq. ammonia mixed with enough ammonium 
magnesium chloride to give the ratio H 3 B0 3 : MgO— 1 : 2 by weight. After these 
mixtures had been heated to redness, and washed with water, the boric^cki is fixed 
as magnesium borate, mixed with the excess of magnesia. G. C. Wittfltein found 
cold aq. soln. of magnesium salts are not precipitated by soln. of bora^nd, as shown 
by F. Wohler, the precipitate formed wlien the soln. is heated redissolvefc on cooling. 
Similar results obtain with a cold sat. soln. of borax and an aq. soln. of potassium 
carbonate and magnesium chloride. 0. Popp said that the borates of ammonia, 
the- alkalies, and of calcium form magnesium borate when heated with a magnesium 
salt. 

« J. J. Ebelmcn melted magnesium oxide with an excess of boric oxide, and found 
that tho glassy mass loses boric oxide in the pottery oven, and forms on cooling a 
radiating mass of crystals of magnesium orthoborate, 3Mg0.B 2 0 3 , or Mg 3 (BOg) 2 . 
W. Guertler obtained similar crystals. H. le Chatelier melted a mol of boric oxide 
with 2*5 mols of magnesia, and floated of! the crystals with methylene iodide. 
L. Ouvrard melted at a red heat equi-molar proportions of boric oxide and potassium 
fluoride along with a slight excess of magnesium oxide. The cold powdered mass 
was extracted witli boiling water and dil. acetic acid. K. A. Hofmann and 
K, Hoschele made crystals of the orthoborate by fusing magnesium chloride with 
boric oxide. The fine needle-like crystals of magnesium orthoborate, according to 
E.<* Mallard, belong to the rhombic system, and have axial ratios a:b:c 
=8*0*6412 : 1 : 0*5494. J. J. Ebeimen gave 2*987 for the sp. gr. L. Ouvrard said 
that boiling water does not attack the crystals, that dil. acetic al'id attacks them 
slowly, ana that dil. mineral acids attack them easily. According to F. Wohler, 
^taneahpkated magnesium orthoborate, Mgg(B0 3 )2.9H 2 0, is produced by precipi- 
tation from a boiling soln. of raagnosium sulphate with a soln. of borax, and washing 
the precipitate with cold water. He also obtained a similar precipitate by boiling 
a soln. of sodium magnesium borate, and C. F. Rammelsberg added that the boiling 
must be continued for a long time, and the liquid filtered hot ; the precipitate has to 
be washed with cold water because hot water would withdraw a portion of the 
acid ; *it is then dried over sulphuric acid. The fresh precipitate is gelatinous, the 
dried precipitate is white and gritty. It is sightly soluble in cold water ; the soln. 
* has an alkaline reaction, becomes turbid when boiled, and on evaporation leaves a 
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transparent varnish. By a protracted boiling with water, boric acid is withdrawn 
from the salt. 

G. Tammann found the heat of soln. of magnesium metaborate, Mg(B0 2 ) s , 
glass in AT-HC1 to be 710 cals, per gram, and of the crystals, 50 cals, per gram. 
Hence the heat of crystallization is 120 cals, per gram. The sp. lit. of both crystals 
and glass was 0 247. • 

The mineral szaibelyite or boromagnesile was found by K. V. Peters in needle-like crystals 
and grain* in the limestone at Werkstlial (Hungary) and nt Vusko (KrasHoszorvny). Thu 
analyses of A. Stromeyer, and F. Sommaruga agree with the formula li(5Mg().2B t 0 3 ). 
8(or4)H,0 ; it is usually represented by the formula Mg^B,O n 1111,0. The sp. gr of the 
needles is 2-7, and that of the grains, IPO ; the hardness is It 4. Szajlw'h ite melts ^ a white 
.slag in the blowpipe flamo; it is optically negative ; and the index of refraction m H15, 
and « = 1*59. F. Slavik gave 1*575 1*000 for the refractive index. It is insoluble in hydro- 
chloric acid. The mineral paternottr was found in the salt-deposits at Mount Sumhtico, 
Caloqibetta, Sicily. Its completion corresponds with Mg0.4B,<),. 411,0, or II K MgW*O i; , 
and it contains admixed carnallito and bbedite. It is white and granular, and is made up 
of minute rhombic laminiv ; it is slightly deliquescent ; mean refractive index 1*475 ; it is 
partially soluhlo in water with an alkaline reaction ; and is readily soluble in dil. acids. 

According to W. Guertlor, when magnesia is heated with hn excess of boric oxide, 
the fused magma separates into two layers, and on cooling, the lower layer forms u 
mass resembling marble. It is not homogeneous because different parts have a 
different sp. gr. If it be treated with water, sma 11 crystals of dim&gnesium diborate, 
2MgO.B 2 () 3 , or MgoBoOg, are formed, and the excess of boric oxide is washed away. 
The crystals are doubly refracting ; they do not dissolve in water, hut do so in a dil. 
soln. of sodium carbonate. The monohydrate. 2Mg0.B 2 0 3 1I 2 0, occurs in nature 
as the* mineral ascharite, discovered by W. Feit in nodules ot rock suit and kainite 
from Schmidtmannshall. (\ Ochsenius dul not find ascharite, but, according to 
J. H. van't Hoff, H. Brecht obtained it at Neu-Stassfurt along with kainite and leonitc. 
W. Feit supposed that its formula wu # s 3Mg 2 p 2 () 5 .2H 2 0, but .). H. van’t Hoff showed 
that it contained rather more water. P. Groth represented it as the normal salt of 
diboric acid : Mg-~0 2 ~ B — 0~B=0 2 -*Mg, but .1. H. van't Hoff regarded it as 
magnesium hydroxyorthoborate , Mg-0 2 ~B- -OH. J. H. van't Hoff obtained it 
from a soln. of boracite at 83°, or by heating to 15() ,J pinnoit<> with an a<|. solrt. of 
sodium chloride for 8 days. The needle-like crystals are sparingly soluble in j-A'- 
hydrocbloric acid. W. Feit first gave 185 for the sp. gr. of ascharite, but afterwards 
changed it to 2 45. H. E. Boeke gave 2 65, dried at 90°, and J. H. van't Hoff gave 
2‘70. H. E. Boeke gave 154 for the mean refractive index of the doubly refracting 
crystals of ascharite. The rhombic mineral camscllite from Douglas Lake, British 
Columbia, has the same composition, 2Mg().B 2 0 3 .H 2 (), when allowance is made 
for the impurities. H. V. Ellsworth and E. Poitevin gave for the refractive indices 
a=P575, and y~P649. About 2*95 per cent, of the water is lost at 550°. 

W. f-feintz claimed to have made salts corresponding with 5Mg0.4B 3 0 < , and with 
7Mg0.4B,0 3 , by careful lovigation from the products obtained in their process for the 
preparation of boracite— vide infra. A. Ditto claimed to have made flat needles of trit^ag- 
nesium tetraborate , 3Mg0.2Bj0 3 , by melting a mol of magnesia with 2 inols of boric oxide, 
heating the product with a mixture of sodium and potassium chloride, and washing out the 
salt. It is soluble in sulphuric or nitric acid. A. Ditto also made needle-like crystals of 
magnesium diborate, Mg0.B 3 0 3 , by heating the preceding borat^ with sodium and potassium 
chlorides ; but neither H. le Chatelier nor W. (Inert le? could prepare this salt, or the 
preceding one. * 

The mineral pinnoUe } trihydrated magnesium diborate, Mg(B0 2 ) 2 .3H 2 0, as 
yellowish coloured crystals, was found by H. Staute in the upper layers of the 
kainite zone of the Stassfurt salt deposits. L. Lowe and E. Erdmann supposed it 
to be a transformation product of boracite. Analyses by H. Btaute, and J. H. van't 
Hoff and G. Bruni agree with the formula just indicated. The latter prepared it by 
mixing 100 grins, of borax dissolved in 4-X) grms. of water, with 53 grnvi. of hexa' # 
hydrated magnesium chloride in 50 grms. of water, and warming on a water*bath. 
voi,. v, 
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A. further 70 grmft. of the last-named salt in 60 grms. of water were added and the 
soln. cone, by evaporation. It was then seeded with pinnoite, and left in a closed 
vessel on a water-bath at 100°. After 5 days bunches of needle-like tetragonal 
bipyramids were formed, with axial ratios a : e 1 :0‘7609. The crystals were 
studied by 0. Liidecke and H. E. Boeke. H. Staute gave 22 7 for the sp. gr. ; 
0. Liidecke, 2 37 ; and H. E. Boeke, 2 292. The hardness is 3-4. H. E. Boeke 
gave 1*565 and e=l , 575 for the indices of refraction. The salt readily dissolves 
in warm mineral acids ; when boiled with water, an alkaline liquid and ajlocculent 
precipitate are formed. The latter redissolves as the soln. cools. When the 
filtrate is evaporated some boric acid appears. J. H. van’t Hoff has studied the 
parageKJsis of pinnoite with loweite, langbeinite, tachhydrite, and sylvite. 

J. J. Ebelmen fused together magnesia and boric acid and obtained in addition 
to the orthoborate, prismatic crystals of magnesium tetraborate, Mg 3 B 4 0 9 , which 
K. Mallard found to belong to the triclinic system, and to have the axial ratios and 
angles a :b : c--4'795 : 1 : a-91° 47 r , 0-123° 46', and y-=77° 12'. 

A. Ditto prepared what he regarded as tetrahydraled magnesium diborate , 
Mg(B0 2 ) 2 .4H 2 0, by heating to over 70° a mixture of magnesia aiba and a soln. of 
boric acid sat. at 3O°-40° ; the hot filtrate was then heated to a rather higher temp. 
The precipitate redissolves on cooling the soln., but if most of the hot mother liquor be 
decanted, the precipitate forms colourless prismatic crystals on standing a few hours 
at 3°. F. Wohler prepared octobydrated magnesium diborate, Mg(B0 2 ) 2 .8H 2 0, by 
heating an aq. soln. of magnesium sulphate and borax till it becomes turbid. The 
precipitate redissolves on cooling, and if kept for some months below 0°, tufts of 
long, slender, transparent needles are formed. H. Rose said that if equi-molar 
parte are used, the precipitate does not have a constant composition. A. Laurent 
made the octohydrate by the action of magnesium nitrate on a boiling soln. of 
borax ; and J. H, van’t Hoff from a warm soln. of 53 grms. of hexahydrated mag- 
nesium chloride and 100 grms. of boriyc in waiter. O. Popp also made the same 
salt by the action of a boiling soln. of boric acid sat. with magnesia. According to 
F. Wohler, the crystals become milk-white and lose their water of crystallization 
when heated ; they are not soluble in cold or hot water, but they are readily soluble 
in hydrochloric acid. Boric acid crystallizes from the soln. in warm hydrochloric 
acid, and ammonia precipitates the salt in fine needles. • 

A. Ditto reported the formation of trimagnesium oetoborate, 3Mg0.4B,0 3 , by heating 
magnogia with a large exooas of boric oxide to a white-heat in a carbon crucible. The needle- 
like crystals are soluble in hot dil. mineral acids, but not in acetic acid. Neither H. le 
Chatelier nor W. Uuertler could confirm A. Ditto’s result, A. Ditto also claimed 
to have made crystals of the hexahydrato, SMgCUBgOj.fiH,©, by keeping for 4 or 6 w-eeks 
mixed cold cone. soln. of borax and magnesium nitrate. H. lo Chatelier claimed to have 
made dimagnMium hexaborate, 2Mg0.3B 4 0 3l by melting a mol of boric oxide with 2‘5 mols 
of magnesia. The excess of boric oxide was removed by boiling water. If an excess of 
magnesia is used the orthoborate is formed and it can be separated by methylene iodide. 
W. Guertler could not oonfirm the existence of H. le Chatelier’s product. 

Wohler claimed to have made octohydraied magnesium hexaborate, 
MgO.3BgO3.8H2O, but J . H. van’t Hoff and G. Bruni showed that the salt is probably 
heptahydrated magnesium hexaborate, MgB fl O 10 .H 2 O. F. WohlerTjoiled an excess 
of a sotn.*of boric acid with magnesium hydroxide or magnesia alba, and evaporated 

filtered soln. to the point of crystallization ; J, H. van’t Hoff and G. Bruni 
saturated a hot soln. of one part of boric acid in ten parts of water with magnesia 
or magnesium carbonate, and slowly cone, the filtered soln. by evaporating at 60° 
to 70°. F . Wohler said that when the salt is heated, it loses water and boric oxide, 
and leaves a fused spongy mass. C. F. Rammelsberg found 100 parte of water 
dissolve 133 parts of the salt. F. Wohler found that the aq. soln. has an alkaline 
reaction, and gives up boric acid to boiling water, leaving a residue of magnesium 
1 hydroxide.* The aq. soln. does not become tujbid when boiled, and only cone. soln. 
give a precipitate with,,aq. ammonia. 
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A. Laurent boiled magnesium carbonate with an excess of a soln. of borio acid, and after 
separating the crystals of boric acid from the filtered soln., obtained orystals of what he 
regarded as trihydrated magnesium ocioborate, MgCUBjOj^HfO ; and A. Ditto obtained 
small crystals of the salt by heating an excess of magnesia alba to 70° with a soln. of borio 
acid sat. at 30*-40°, and evaporating the filtered soln. A. Laurent obtained no precipitate 
by adding potassium dodecaborate to a soln. of a magnesium salt, but C. F. Rammelsberg 
claimed to have obtained octodecahydrated magnesium dodecaborate , Mg0.6B,0 3 .18H,0, 
during the preparation of the hexa borate by F. Wohler’s process. 

L. B. jGruyton de Morveau 2 obtained an opaque glass by fusing one part of 
magnesia with three parts of borax ; and J. J. Berzelius stated t hat magnesia behaves 
like calcium oxide towards fused borax. According to L. Gmelin,the spontaneous 
evaporation of a mixed soln. of borax with an excess of magnesium sulphate furnishes 
crystals containing boric acid and magnesium and sodium sulphates which he 
first regarded as forming a quadruple salt, but later showed to be a mixture. 
F. Wohler found that the evaporation of a soln. of magnesia in one of borax furnishes 
small crystals of what he thought to be sodium magnesium borate ; and he obtained 
sodium magnesium decaborate, Na 2 O.2MgO.5B 2 6,.30H 2 O f by allowing a cold aq. 
soln. of magnesium sulphate and borax to stand for some months — fine needles of 
oetohydrated magnesium diborate first appear, and afterwards large crystals of 
the double salt. C. F. Rammelsberg found that with two mols of borax to one or 
two mols of magnesium sulphate, borax first crystallizes, and then the double salt. 
The crystals belong to the monoclinic system, and, according to (\ F. Rammelsberg, 
have the, axial ratios a : 6 :c—l*1761 : 1 : 11200, and 0—112° 2(>', and eflloresce 
slightly in air. They swell up and lose water when heated. The ignited mass 
redissolves slowly in cold water excepting a small residue of magnesium orthoborate. 

Tf a crystal be placed in hot water, it becomes opaque, and if reduced to powder, 
the interior consists of a viscid mass. The salt is about as soluble in water as borax, 
and the soln. is not precipitated by ammonia. When the aq. soln. is heated, it 
becomes turbid, depositing magnesium orthoborate, which redissolves as the soln. 
cools. The salt is readily decomposed by water. 

C. F. Rammelsberg found that an aq. soln. of a mol of potassium borate and two 
mols of magnesium chloride furnishes crystals of potassium chloride, and a syrupy 
mother liquid which solidifies to a crystalline mass. The mineral kaliborite Was 
reported by W. Feit in the Stassfurt salts, along with pinnoite and kainite ; according 
to J. H. van’t Hoff, it has the composition enneahydrated potassium magnesium 
henadecaborate, KMg2B n 0 lfl .9H 2 0, or K 2 0.4Mg0.11B 2 0 3 .18H 2 0 ; analyses were 
also made by W. Feit, L. Milch, .and 0. Liidecke. J. H. van't Hoff suggested that 
the mineral was formed from pinnoite in contact with a sat. soln. of kainite, and he 
has worked out the conditions under which it is formed, as well as several methods 
of preparation. The simplest method is founded on the observation that kaliborite 
in water at 100° is only slowly converted into pinnoite, and that the presence of 
boric acid almost entirely prevents the change. The acid borate of magnesium, 
Mg0.3B 2 0 3 .7H 2 0, was prepared by adding magnesium hydroxide to 30 grins, 
of boric acid dissolved in water, and the soln. was cone, to 75 e.c. To this was 
added another soln. containing 3*6 grms. of potassium hydroxide and 10 grms* of 
boric acid in 30 c.c. of water. If the mixture was kept at 100° and stirred 
to prevent the formation of crust, about 13 grms. of kaliborite were obtained. 
L. Milch found the crystals to belong to the monocliuic system, and to h#vs axial 
ratios a ; b : 0=1*2937 : 1 : 1 7539, and 0=99° 48'. The double refraction is*positive." 
W. Feit found that the mineral has a sp. gr. 2 05 at 20° ; 0. Liidecke, 2*109—2*129 
at 10° ; and L. Milch, 2127 ; J. H. van’t Hoff found the artificial crystals have a 
sp. gr. 2*081 At 25°. The mineral was found by W. Feit to fuse with difficulty ; 
to be sparingly soluble in water, forming an alkaline soln. ; and to be very soluble 
in mineral acids. J. H. van’t Hoff and L. Lichtenstein prepared rhombic crystals of 
a compound, 2K2O.2MgO.llB 2 O 3 .20H 2 O, analogous to kaliborite by the action 
of a sat. soln. of potassium chloride aijd boric acid on pinnoite at 40°. ’She double • 
borate heintzite , K 2 Mg i B 2 20 38 .14H 2 0, is also said to occur in $he Stassfurt deposits. 
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The mineral hydroboratite, hex&hydr&ted calcium magnesium heraborate, 

CaMgBflOn.GHjjO, was found by G. Hess in some Caucasian minerals. It occurs 
in foliated and fibrous masses resembling gypsum, but is rather more fusible. It 
is slightly soluble in water, forming a soln. with an alkaline reaction. It is also 
soluble in nitric and hydrochloric acids. 

According to W. Guertler#* zinc oxide dissolves in molten boric oxide, forming 
two layers ; the upper layer, mainly boric, oxide, readily dissolves in water with 
the formation of a little flocculent zinc oxide, while the lower layer is gtyssy, even 
if very slowly cooled. Its composition corresponds with zinc di- or met&bor&te, 
Zif(B0 2 ) 2 . Crystals are obtained when the proportion of zinc oxide is raised to that 
corresponding with zinc tetraborate, 3Zn0.2B 2 0 3 , or zinc sesr/uiborate, a compound 
described by H. le Chatelier and J. J. Ebelmen. The crystals, according to 
E. Mallard, are isomorphous with those of magnesium and manganese ; and they 
belong to the triclinic system. By melting equi-molar proportions of boric oxide, 
zinc oxide, and potassium hydrofluoride, L. Otivrard obtained prismatic crystals 
of zinc orthoborate, 3Zn().B 2 () 3 , or Zn 3 (B0 3 ) 2 . This compound is decomposed by 
water and is readily dissolved by diJ. acids. 

F. Bo rollers found that boric acid dooR not react with zinc oxide or hydroxide 
to form zinc borate, although some zinc does pass into soln. Boric acid and zinc 
carbonate react readily. Borax does not give a precipitate when added to a soln. 
of sodium zinc oxide. ,1. Tiinnermann, and T. G. N. Broeksmit obtained a white 
insoluble zinc borate by mixing aq. soln. of borax and zinc sulphate. The product 
is used in pharmacy (N. Kraus), and in making a cement for glass (R. Luther and 
W. Ostwald), H. Rose said that the precipitate obtained in the cold, and washed 
with cold water, contained principally 9Zn0.4B 2 () 3 .9H 2 0. E. Holdermann added, 
with constant stirring, a soln. of 443*6 gnus, of borax in 309 grms. of 15 per cent. 
sodium hydroxide to a soln. of 500 grms. of heptahydrated zinc sulphate in 5-10 
litres of water. The precipitate was washed by suction, and dried. Its 
composition corresponded with 3Zn0.4B 2 0 3 .H 2 (), or monohydr&ted zinc octo- 
borate, Zn 3 B 8 0 lB .H 2 0. A. Ditto prepared crystals of decahydrated zinc octoborate, 
Zn0.4B 2 0 3 .l()H 2 0, or ZnB 8 0 13 .l()H 2 0, by digesting at 30° zinc carbonate with a 
sat* soln. of boric acid, and slowly cooling. A. Rosenheim and F. Leyser could not 
make complex salts of zinc pentaborate, although a soluble salt was formed. A. Ditte 
also prepared prismatic crystals of tetrahydrated 2inc tetraborate, Zn0.2B 2 0 8 .4H 2 0, 
or ZnB 4 0 7 .4H 2 0, by heating a soln. of the preceding salt to about 50°, and leaving 
the precipitate for some time in contact with the greater part of the mother liquid 
when it gradually crystallizes ; and by boiling zinc hydrocarbonate with a sat. 
soln. of boric acid- the precipitate gradually crystallizes in the course of a few days. 
The product is soluble in water with decomposition and liberation of boric acid ; 
if repatedly washed with water, zinc oxide remains as a residue. 

F. Borchors found that the precipitate obtained by adding borax to a soln. of 
a zinc salt is very variable, owing to hydrolytic changes. The equilibrium 
condition is assumed to be [Bv0 7 ''lH 2 0^Zn‘]=ATH 3 B03] 2 [Zn(B02) 2 ]. The 
largest yield is obtained by adding a cone. soln. of a zinc salt to a slight excess of 
a sat. soln. of borax. Supersaturated soln. or solid borax give higher results. An 
excess of the zinc salt diminishes the yield by forming complex zifle salts ; neutral 
salts atecwlimimsh the yield ; magnesium chloride, for instance, prevents precipitation 
•Completely. If the hydrolysis of the borax is checked by adding boric acid, the whole 
of the borax and even part of the boric acid may be precipitated by the zinc salt. The 
precipitation is rendered more complete if a small proportion of sodium hydroxide 
is present. E. Biischer said that if a soln. of 20 parts of borax and 60 parts of zinc 
sulphate be mixed at 50°-60°, the white precipitate of basic sulphate is free from 
borate ; but if a soln. of zinc sulphate be poured into an excess of a hot soln. of borax, 
the white voluminous precipitate of zinc borate is free from sulphates. By dis- 
• solving the precipitate in ammonia, and mixing the liquid with a soln. of boric acid 
in aq. ammonia, an<^ adding alcohol, # E. Biischer obtained rhombic prisms of 

• 
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hexahydrited zinc tetnunmino-tetraborate, 4Zn0.2B 2 03.4NH 3 .6H s 0 ; the same 
compound wan obtained by evaporating a soln. of 20 parts of basic zinc carbonate, 
in acetic acid, saturating the liquid with ammonia, and adding 38 parts of boric 
acid dissolved in aq. ammonia. The crystals separate' when alcohol is added. The 
crystals decompose in air, but may be preserved under ammoniacal alcohol. They 
are soluble in aq. ammonia, and acids. , 

F. Stromeyer prepared a cadmium borate, with 27 0 per cent, of boric yxidt*, 
by mixiqg soln. of borax and cadmium sulphate. The white powder is sparingly 
soluble in water. According to H. Rose, the precipitate produced in the cold con* 
tains rather more boric oxide than with hot soln., and in the latter case, the pressed, 
but not washed, precipitate has the composition ,‘H'd0.2B ; ,0 ;j .3H 2 0. W. fSuertler 
obtained similar results with cadmium oxide and fused boric oxide, as when zinc 
v,xide was used, and he thus prepared cadmium di- or meta-borate, Cd(B0 2 ) 2 , or 
Cd().B 2 0 3 , melting at 875° ;i>5 0 . He believed that this salt can be obtained in two 
different modifications by annealing the glass at 830°-870° or at G70°-6 < J0°. 
L. Ouvrard obtained prismatic crystals of cadmium orthoborate, 3CdO.B 2 Og, or 
Cd 3 (B0 3 ) 2 , by the method used for the corresponding zinc salt. A. Rosenheim 
and F. Lcyscr made cadmium pentaborate as in the ease of the zinc salt. 

J. Tiinnermann 4 believed that the precipitates he obtained by mixing soln. of 
mercurous and mercuric salts were respectively mercurous and mercuric 1 tor ales, 
but A. Gossmann showed that neither compound is formed. A hot soln. of boric 
acid dissolves no mercurous oxide, does not give a precipitate with soln. of mercurous 
nitrate, and if evaporated with mercurous nitrate may be extracted from the dry 
residue with alcohol ; borax gives a precipitate of basic nitrate, free from borates 
when added to a soln. of mercurous nitrate. Products free from borates are also 
obtained, according to If. Hose, by rubbing together mercurous nitrate and borax, 
and also, according to E. F. Anthon, by adding a soln. of borax previously neutralized 
with boric acid to a soln. of mercurous nitrate. Mercuric salts behave similarly, 
A soln. of ammonium borate acts on mercury salts like aq. ammonia. M. G. Levi 
and 8. Castellani obtained no sign of a mercury borate by the electrolysis of a soln. 
of boric acid in the cathode cell and a soln. of a mercury suit in the anode cell. 
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§ 13. The Borates of Aluminium, Thallium, and the Elements of the Rare 

Earths 

The evidence for the existence of definite aluminium borates is very unsatis- 
factory. Alumina was found by W. Guertler 1 not to be particularly soluble in 
molten boric oxide ; und, according to J. J. Ebelmen, alumina mixed with boric 
oxide, is not altered when heated in a pottery oven, but with borax the alumina 
is changed to corundum. E. Mallard represented J. J. Ebelmens product by 
the formula 3AI 2 0 3 .B 2 0 3 , or (A10) 3 B0 3 , and found the rhombic crystals had the 
axial ratios a: b: c= 0*974 : 1 : 0-679. L. Troost and P. Hautefeuille found that 
alumina is volatilized when heated in the vapour of boron trichloride. E. Fremy 
and F. Feil found that an aluminium borate is formed when boric oxide is heated 
with aluminium fluoride ; F. Wohler and H. St. C. Deville showed that aluminium 
borate is formed along with the boride*when boric oxide is heated with aluminium ; 
the borate is decomposed by water. 

(!. Tissior showed that alumina does not dissolve in an aq. soln. of boric acid ; 
and A. Ditto found that aluminium hydroxide does not dissolve, but takes up boric 
acid, forming AL0 3 .B 2 0 3 when the product is dried. C. Tissier found a precipitate 
ft produced when a soln. of an aluminium salt is treated with a soln. of boric acid 
which has been neutralized with borax. According to H. Rose, when borax or 
sodium metaborate is added to a cold aq. soln. of potash alum, a precipitate contain- 
ing some absorbed soda is produced ; this is removed by washing with water, and 
the product dried at 100° had composition varying between 2Al2O3.B2O3.5H2O 
and 3AI2O3.2B2O3.8H2O. There is nothing here to show that a definite aluminium 
borate is formed, and F. Jean and E. Reichardt, A. Ditte, and J. Martenson found 
that the precipitate obtained by adding borax to a soln. of aluminium salt is com- 
pletely hydrolyzed to aluminium hydroxide when thoroughly washed. 

P. W. Jeremejeff 2 obtained from Nertschinsk, Siberia, masses of crystals of a 
basic aluminium borate to which A. Damour ascribed the formula (Al 2 0 3 .Fe203)B 2 03, 
based on the analysis: B 2 0 3 , 40 19; A1 2 0 3 , 5503; Fe 2 O s , 408; K 2 0, 070. 
P. Groth ascribed to it the generalized formula A10.B0 2 . The Auter portions of 
these • nesses are hexagonal crystals, called jeremejejftie, with axial ratio 
: c~l .♦0-68351, and the interior consists of rhombic crystals, called eichwaldUe , 
with axial ratios a : b : c=0 5523 : 1 : 0 5434. The sp. gr. is 3 28, the hardness 
6*5 ; and the index of refraction 1*64. The optical properties of jeremejeffite are 
anomalous, and were examined by P. W. Jeremejeff, C. Klein, and R. Brauns. 

The mineral rhodizile — from po&tfav, in allusion to its colouring a flame red — 
is likewise a basic aluminium potassium borate. It was obtained by G, Rose 8 
in miflute white crystals on red tourmalines from Sarapulsk, and Schaitansk near 
t Keitharintnburg ; A. Lacroix found crystals at Bity, Antandrokomby, and 
Munjaka, in Madaga^par ; and L. Duparc, at Ampakita in Madagascar. The first 
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of the following analyses, by A. Damour, refers to a sample from the Urals ; the 
second, by F.‘ Pisani, to a sample from Antandrokomby ; and the third, by 
A. Lacroix, to a sample from Bity : 


B,O a 

AljOj 

BeO 

K,0 

Nh,0 

LijO 

BIO, 

on ignition. 

\Vnt**r, 

33-93 

41-40 

— 

12 00 

1-62. 

— 

— 

2-96 * 

96-40 

4060 

30-60 

10-10 

6-90 

3-30 

7*30 

1-36 

0-46 

99-61 

41-69 

30-70 

10-36 

6-05 

3*38 

7*36 

— 

0-46 

100-00 


The first*one also had 0*74, CaO ; 0 82, MgO ; 193, FeO. A. Damour represented his 
results by R 2 0.2A1 2 0 3 .3B 2 0 3 ; F. Pisani, by 4(Li, K, Na, H) 2 0.4Bo0.3Al 2 0 3 .6B 2 0.} ; 
and P. Groth gives the generalized formula , potassium aluminoborate, ( A10) 2 K(B0 2 )is. 
The crystals belong to the cubic system. The sp. gr. is 3 415 ; the hardftoss is 8, 
for the mineral scratches topaz. The index of refraction, according to L. Dupare, 
is 16895 for the Li-light, 1*6935 for the Na-light, and 16965 for the Tl-light, 
E. Bertrand, 0. Klein, R. Brauns, and J. Beekenkamp have studied the anomalous 
double refraction. The crystals fuse to an opaque glass when heated in the blow- 
pipe flame ; they dissolve in fused borax, or micro cosmic salt ; and they dissolve 
with difficulty in hydrochloric acjd. 

C. H. Burgess and A. Holt, 4 and W. Guertler found thallium oxide or carbonate, 
dissolved in fused boric acid, forming a dear glass, or a crystalline solid. M. Hobber- 
ling obtained no precipitute on adding a soln. of borax to a cone. soln. of thallous 
salts ; but W. Crookes found that boric acid and thallous carbonate, or borax and 
thallous sulphate, give a white granular precipitate insoluble in cold dil. sulphuric 
acid, and soluble in boiling water. H. Buehtala prepured thallous tetraborate, 
TLB4O7.2H2O, bv crystallization from an aq. soln. of a mol of thallous carbonate 
and 1 to 4 mols of boric acid ; it is also formed by fusing a mol of thallous car- 
bonate with 6 mols of boric acid, extracting the cold mass with water, and allowing 
the soln. to crystallize. The tetraborate is here accompanied by more thallous 
hexaborate, Tl 2 B 6 O 10 .3H2(). If nfore boric, acid is used, say 8 mols, a mixture 
of the hexaborate and thallous decaborate, Tl 2 B 10 O 16 .8H 2 (), is formed. Thallous 
octoborate, Tl 2 B 8 O l3 .4H 2 (), and thallous dodecaborate, Tl 2 B 12 O w .7H 2 0, urc formed 
when a mol of thallous carbonate*, is dissolved in an excess, say 10 mols, of ap aq. 
soln. of boric acid. The dodecaborate also fornn twinned monqolinic crystals of 
a pentahydrate with axial ratios, according to R. Seharizer, a : b : c - 1 ‘583 : 1 : 1*9[>5, 


and |3--94 0 25'. A. Rosenheim and F. Leyser 
made thallous pentaborate. Thallous meta- 
borate is formed by evaporation from an 
aq. soln. of the perborate. The colourless 
wedge-shaped crystals have the composition 
TIB0 2 .JH 2 0 ; they become dark red on 
exposure to air. G. Canneri and R. Morelli 
found that the fusion curve, Fig. 29, of 
mixtures of thallous oxide and boric oxide 
has three maxima corresponding with 
thallous metaborate, T1B0 2 , m.p. 472° ; 
thallous pyroborate, T1 4 B 2 0 6 , of m.p. 434° ; 
and normal thallous borate, T1 3 B0 3 , of m.p. 
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Fiu. 29. — Fusion Curves of Mixtures 
of Thallous and Boric Oxides. 


370° with decomposition. * 

The metaborates of the rare earths have been discussed by W. Guertler, 6 


A. E. Nordenskjold, 0. Holm, etc. According to N. J. Berlin, boric acid gives with 
neutral and acid salts of ytterbium a white precipitate of ytterbium borftte, which 
readily attracts carbon dioxide from the atm, J. J. Berzelius found that boric 
acid precipitates white floceulent thorium borate when added to a soln. of a salt of 
that element; the precipitate is insoluble in an excess of boric acid. ,G. Karl 
treated an aq. soln. of thorium nitrate with a hot soln. of borax until a permanent 
precipitate was formed ; this was wished and dried at 400°-500°. The composition 
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of the amorphous white mass corresponded with tboritlin orthoborate, Th 3 (B0 8 ) 4 . 
It is decomposed bv water. W. Guertler could not make a thorium borate by 
fusing thoria with boric oxide on account of the very sparing solubility of the 
thoria. A. E. Nordenskjold reported the formation of a basic lanthanum borate, 
2La./).,. IU) 3 , by fusing borax with lanthanum oxide in a pottery oven ; but experi- 
ments to prepare didipnium borate in a similar way were not satisfactory. W . Guertler 
obtained lanthanum metaborate, La(B0 2 ) 3 , by crystallization from slowly cooled 
soln. of lanthanum oxalate in boric oxide. The upper layer is mainly bojic oxide. 
W. Guertler found that when boric oxide is fused with cerium oxalate, in a stream 
of carbon dioxide, two layers are formed ; the upper greyish-brown layer is a soln. 
of cerium oxide in boric oxide, and the lower dark brown layer, when allowed to 
devitrifj^, furnishes cerium metaborate, Ce2O3.3B.2O3, or Ce(B0 2 )3 ; neodymium 
metaborate, Nd(B0 2 ) 3 ; praseodymium metaborate, Pr(B0 2 ) 3 ; and gadolinium 
metaborate, Gd( B0 2 ) 3 ,are produced in a similar way. P, T. Clove said that samarium 
dissolves in molten borax, forming a topaz-like glass from which, when saturated, 
microscopic micaceous scales separate. When the powdered glass is treated with 
dil. hydrochloric acid, samarium metaborate, Srn(B() 2 ) 3 , remains. The borate is 
soluble in hydrochloric acid, particularly when heated, so that the isolation of -the 
crystals requires care. The sp. gr. is G'048 at 1()'4°. W. Guertler found erbia 
and yttria to be insoluble or only very sparingly soluble in boric oxide. According 
to W. Crookes, scandium hydroxide suffers virtually no change when triturated with 
a soln. of boric acid, but a slight combination occurs when the mixture is boiled. 
A mixture of boric oxide and scandia forms a clear liquid when fused at a bright 
red heat ; and after lixiviation of the cold mass, a white microcrystalline powder 
remains. Analyses correspond with scandium orthoborate, ScB0 3 . 
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§ 14. The Borates of Tin, Lead, and Zirconium 


C. F. Wenzel 1 found that a soln. of stannous chloride gives a white precipitate * 
vhen treated with borax. According to M. Kaatz, the precipitate is a mixture 
>f stannous hydroxide and boric acid, and it is not obtained in soln. feebly acidified 
kvith hydrochloric acid ; and the boric acid is removed from the assumed stannous 
borate by ’washing twice with water. A. C. Campbell boiled stannous chloride with 
hydrochloric acid and tin to ensure that all was converted into stannous salt ; he 
then added sodium carbonate until a permanent precipitate commenced to form ; 
the mixture was then treated with enough borax to convert all the tin into stannous 
borate. The precipitate was found to remain unaltered after 12 hrs.’ exposure to 
air, and he therefore recommended it to be used in the preparation of standard 
soln. of stannous salts. W. Guertler found that in his attempts to make stannous 
borate, the product, decomposed into tin, stannic oxide, and boric, oxide. 

0. H. Burgess and A. Holt, and W. Guertler found stannic oxide to be insoluble 
in molten boric oxide. The rare mineral wndcnskidldinv wa^iound in rhombohedral 
crystals by W. C. Brogger in the pegmatite veins of the Island of Gross- Arb south 
of Christiania, Norway. An amphibole from Ruscula, Lake Onega, was named 
nordemkioldMe, by Kenngott. The colour of W. 0. Brdgger's mineral is yellow, its 
sp. gr. is 4*20, and its hardness, Till to G. Its analysis corresponds with calcium 
stannic borate, CaSn(B0 3 ).,, or less probably Ca(BO) 2 Sn() 4 . The st annate formula 
is preferred by P. Groth, but W. C. Brogger said t hat the crystalline form is against 
that assumption. The triagonal crystals were found by W. C. Brogger to have 
the axial ratio a : c— 1 : O' 8221, and a -102° 58'. L. Ouvrard synthesized the 
mineral by heating a mixture of calcium tetraborate and stannic oxide in a stream 
of hydrochloric acid ; or by passing the vapour of stannic chloride over the red- 
hot borate. The colour of the minehil is yi T llow. L. Ouvrard’s preparation forms 
colourless transparent hexagonal plates. The sp. gr. of the mineral is 4 20, that of 
L. Ouvrard's preparation is 4*8 at 15°. The hardness of the mineral is f)T> OO. 

L. Ouvrard made the corresponding strontium stannic borate, and barium stannic 
borate. 


M. Faraday 2 found that a fused mixture of 1 12 parts of lead oxide and 24 of boric 
acid forms a soft yellow glass of sp. gr. G’4, which softens on immersion in boiling 
oil, and is blackened by hydrogen 
sulphide; if 72 parts of boric acid 
are used, the glass is colourless, as 
hard as Hint glass, and possesses a 
high refracting power. According 
to W. Guertler, mixtures of boric 
oxide and lead oxide melt, forming 
clear glasses, which, on cooling, 
may furnish emulsions. The phe- 
nomenon is analogous with that 
observed with . mixtures of say 
phenol and water (1. 10, 3— Fig. 11) ; 
and the temp, at which an emulsion 
of lead and boric oxides is produced 
is shown in Fig. 30. Mixtures eon- 
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Fig. 30.^ Solubility Curve of Lead 6xide in 
Boric Oxide. 


taining between 0*0008 and 0*0725 eq. of (Pb0) 3 per eq. of B 2 0 3 alone show 
this turbidity during cooling, and the two legs uc and be are solubility curves 
respectively of lead oxide in boric oxide and of boric oxide in lead oxide. At 
temp, exceeding c, clear glasses are produced and the two oxides arc mutually 
soluble in all proportions. Mixtures with more than 0‘072r>(Pb0)3.Bo0j furnish 
clear glasses on cooling. The glasses'arc either colourless or tinged faintly yellow ; * 
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they are insoluble in water ; and are decomposed by hydrogen sulphide. There 
is here no sign of the formation of definite lead borates. A few 16ad borates have 
been reported as precipitates formed by double decomposition, but so long as 
chemical analyses alone are available there will be doubts as to the chemical 
r individuality of the observed products. 

According to J. Tiinnermpnn, if an excess of borax be added to lead nitrate, at 
ordinary temp, or boiling, a white precipitate is obtained containing Pb0.1‘3B 2 0 8 ; 
while if the borax soln. be mixed with enough boric acid to give it an acid reaction, 
a white precipitate is formed containing Pb0.2'6B 2 03. G. Rose reported that 
hydrated lead metaborate, Pb(B0 2 ) 2 .H 2 0, is formed as a white precipitate when 
a soln.^of borax and a neutral soln. of lead nitrate are mixed in the presence of aq. 
ammonia. H. V. Thompson obtained the same compound. The white powder is 
insoluble in water and in alcohol, but soluble in nitric or acetic acid without 
decomposition. The salt is decomposed by sulphurip or hydrochloric acid ; and 
by the alkalies. Lead metaborate melts to a colourless transparent glass. Water 
is given off at about 120°, but the anhydrous salt is obtained at about 250°. 
8. Motylewsky found the drop-weight of fused lead metaborate to be 185 mgrms. 
when that of water at 0° is 100 ; and the drop-weight of the molten borate to 
be 185 mgrms. when water at ()°=100. H. Becquerel gave for the index of 
refraction 1780; and he found the molten borate exhibited magnetic rotation of 
the plane of polarized light. J. Rosenthal found the compressed powder did not 
conduct electricity at 340°, but it does so as the glass softens — vide glasses. 
T. W. B. Welsh and il. J. Broderson found that lead metaborate is soluble in 
dried hydrazine, and that the soln. conducts electricity badly, forming a black 
deposit on the cathode. 

A number of basic lead borates are produced by mixing soln. of sodium borate 
and lead nitrate. The basicity depends on the temp., on the cone, of the soln., 
and on the amount of washing employed. II. Post 1 thus reported the salts 
PbO : B 2 0 3 : H 2 0 2:1:2; 4:3: 5 * 1 ) : 3 ? 8 ; and 6:5: 6. These represent 
different stages in the hydrolysis of lead borate, and they are probably mixtures 
and not compounds. Some polyborates have also been reported. E. Soubeiran 
obtained tetr&hydr&ted diplumbic hexaborate, 2PbO.3B2O3.4H2O, by precipitation 
from a boiling, soln. of an excess of borax mixed with lead nitrate ; the white 
powder lost half of its combined water between 180° and 200°. H. V. Thompson 
working with cold soln. obtained only Pb(B0 2 )2-H 2 0. T. J. Herapath said that 
the compound fuses to a colourless glass, and he claimed to have prepared tetra- 
hydrated lead tetraborate, PbO.2B2O3.4H2O, by boiling either of the preceding 
salts with an excess of soln. of boric acid. He added that 3 mols of water are 
lost at about 220°. H. V. Thompson could not find any definite compound to 
be formed by T. J. Herapath's process. H. le Chatelier also claimed to have made 
anhydrous lead hexaborate, Pb0.3B 2 0 3 , by fusing together lead carbonate and 
boric acid, and treating the cold product with water to remove the excess of boric 
oxide. H. V. Thompson verified this result. According to L. Kahlenberg and 
W«J. Trautman, lead borate gives a black slag when heated with silicon. 

W. Guertler 3 found that silica and zircouia are insoluble or only very sparingly 
soluble in molten boric oxide ; and there is no evidence of the formation of a silicon 
borale m OT'Ol a zirconium kpratf. F. P. Venable and T. Clark found that zirconia 
^does not ^dissolve in molten borax. A white precipitate, possibly a basic zirconium 
borate, insoluble in water, is produced when borax is added to a soln. of a zir- 
conium salt. Cerium and thorium borates have been discussed in connection with 
the rare earth borates. 
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§ 15. The Borates of the Arsenic and Chromium Families 

According to W. Guertler, 1 the oxides of arsenic, antimony , bismuth, tungsten, 
vanadium, molybdenum, and uranium dissolve in fused boric oxide more or less 
sparingly, and on cooling, the oxide may separate from the melted mass, forming 
an emulsion. H. Rose noted that bismuth oxide readily dissolves in molten borax, 
forming a glass which with a little bismuth oxide is yellow when hot, and colourless 
when cold ; with more bismuth oxide, orange-red when hot and yellow and opaque 
when cold. L. Vanino and F. Hartl found that when a borate is added to a soln. 
of bismuth nitrate and mannite, a white precipitate of dihydrated bismuth ortho 
borate, BiR(^.2H 2 0, is formed. According to J. J. Berzelius, bismuth borate is 
sparingly soluble in water ; according to L. Vanino and F. Hartl, it is stable towards 
potassium hydroxide, and potassiijrn iodide, and is immediately decomposed by 
hydrogen sulphide. 

According to J. J. Berzelius, a soln. of vanadyl sulphate gives with borax 
a greyish-white precipitate of vanadyl borate insoluble in water and soluble in a 
soln. of boric acid, forming a blue soln. which becomes green on exposure to aip, and 
is decomposed by hydrogen sulphide. A. Guyard melted together wa nadir and boric 
acids, and obtained a pale green glass of vanadium borate soluble in water, from 
which solvent it can be crystallized ; but the aq. soln. is unstable, and some 
hydrolysis occurs. 

Molten borax was found by H. Rose, M. Landecker, and L. Weiss to dissolve 
columbic oxide, forming a clear glass which is colourless in both the oxidizing and 
reducing flame. A. G. Ekeberg, and L. Weiss and M. Landecker found tantalic oxide 
dissolved infused borax, forming a colourless glass very sparingly soluble in water. 

According to A. Moberg, 3 sodium metaborate or tetraborate gives a pale blue 
chromous borale when added to a soln. of chromous chloride. The precipitate is 
soluble in free acids, but not in an excess of the precipitant. N. J. Berlin obtained 
a blue precipitate by adding borax to a soln. of a chromic salt, the precipitate is 
soluble in an excess of the precipitant. M. Hebberling found that borax gives a 
greyish-green chromic borale, 7Cr 2 0 3 .4B 2 0 3 , when added to a soln. of a chromic 
salt ; if the soln. of chromic salt and borax is mixed wkh ammonia, anc[ the excess 
of ammonia is expelled by boiling, the precipitate contains less boric* oxide, the 
smaller the excess of borax in the soln. 0. Tissier mixed a chromic salt soln. with 
a large excess of boric acid, and added as much borax to the boiling soln. as was 
necessary to neutralize the acid of the chromic salt ; he found that chromic oxide 
was precipitated. A. A. Hayes found that ammonium hydrodiborate, (NH 4 )H(B0 2 ) 2 , 
gave a pale green precipitate with an aq. soln. of chromic chloride ; and A. Laurent 
found potassium hexaborate gives a green precipitate. A. Rosenheim and F. Leyser 
made a complex chromium pentabqjrate. • , 

J. J. Berxelius 3 obtained a dark grey precipitate of m^ybdous borale on adding 
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a soln. of borax to a molybdous salt soln. The precipitate is black when dried ; 
it iff insoluble in water, but sparingly soluble in a soln. of boric acid. A reddish- 
yellow precipitate of molybdic borate is produced when ammonium borate is added 
to a soln. of molybdic chloride ; molybdic hydroxide dissolves in a soln. of boric 
acid, producing a yellow soln. which, on evaporation, solidifies to a jelly and deposits 
the normal borate. J. J. Berzelius also showed that a boiling aq. soln. of boric 
acid dissolves molybdic acid, and when the latter is in excess, produces a viscid 
liquid. The soln. becomes turbid when cooled, and when the clear filtered liquid 
is evaporated, colourless crystals are deposited— thought to be bororrwlybdic acid. 
These crystals are decomposed by alcohol into molybdic and boric acids. 
C. W. foheele found that fused borax dissolves tungstic oxide, forming a clear glass, 
which when overloaded with tungsten becomes brown or white. 

Although boric acid has a marked tendency to form complex salts, it forms well- 
defined lie tero poly acids only with tungstic oxide, the so-called borotungst&tes. 
J. D. Klein 4 made a borododecatungstic acid, B2O3.i2WO3.wH2O, by the method 
employed by J. C. G. de Marignac for hydrosilicododecatungstic acid. D. Klein 
also reported borotungstic .acids of the composition B2O3.HWO3.wH2O and 
B2O3.9WO3.24H2O, which he called respectively acide borotunystique and acide 
tmqHoborique. H. Copaux considered that both these acids an* mixtures of respec- 
tively (City ). B 2 (>3.28W0;,)r)6H20, and (riHaO.B.O^WO^filHgO. D. Klein made 
the former by treating the sodium salt with mercurous nitrate, decomposing the 
product with hydrochloric acid and removing the mercury with hydrogen sulphide ; 
and the latter was made in a similar manner from the sodium salt, or by the action 
of dil. sulphuric acid on the barium salt. H. Copaux made what he regarded as 
(i^O^Os.SHWOp.bfil^O, or H 6 B.2W280y3.56H 2 0, by mixing soln. of sodium 
tungstate and boric acid in boiling water ; decomposing the product with a mineral 
acid ; and extracting the complex acid with ether. The small hexagonal prisms 
have the axial ratio a : c -1 : O' 993 ; and on exposure to air they become yellow. 
A soln. of boiling water soon decomposes the acid with the separation of tungstic 
acid. A. Rosenheim showed that the analyses agreed with the assumption that 
the acid is enneabasic hydroborododecatungstic acid, H 9 [B(W 2 O 7 ) 0 j.22H 2 0, and 
this, was confirmed by A. Rosenheim and J. Janiekc. 

# A. Rosenheim and J. Jiinieko prepared the acid H u |B(W a O,)«J-28H g O by dissolving 
lOO grins, of sodium tungstate and 150 grins, of boric acid in 400-500 c.c. of boiling water, 
and boiling the soln. until a sample treated with hydrochloric acid gave no precipitation 
of tungstic oxide. The cold soln. was separated from the boric acid and sodium borato by 
suotioh ; mixed with 70 grins, of boric acid ; and cone, over the naked flame. The cold 
soln. was again separated from the crystals bj suction, and washed with 33 per cent, sulphuric 
acid. The liquor was then shaken with 2 to 3 times its vol. of 33 per cent, sulphuric acid and 
ether. The oily liquor is dissolved in cold water, and tho soln. allowed to stand in vacuo 
over cone, sulphuric acid. A good yield of crystals is thus obtained. 

According to A. Rosenheim'and J. Janickc, the octocosihydrate, H 9 [B(W 2 07)e |. 
28H 2 0, begins to melt at 45°, and at 51° it forms a clear liquid. Soln. of this acid in 
dil. gitric acid give only the octocosihydrate, and the soln. rapidly decomposes with 
the separation of tungstic acid ; but soln. in cone, nitric acid of sp. gr. 1'4, furnish 
a white crust of microscopic crystals of a dccahydraie , H^BfW^C^jfl'J.lOlIgO. 

H. Jopaux also obtained the acid 5H2O.B2O3.24WO3.6IH2O by treating the 
soln. use<fc in the preparation of the preceding mother-hquid acid with barium 
carbonate, and decomposing tho barium salt with dil. sulphuric acid. The tetragonal 
octahedra have tho axial ratio a:c— 1 : 1010; and they are isomorphous with 
silicotungstic acid. They are stable in dry air, but decompose in moist air. H. Copaux 
said the acid is pentabasic ; A. Rosenheim, enneabasic, and 

the latter hypothesis was confirmed by A. Rosenheim and J. Janickc. H. Copaux 
consideied these acids to be different hydrates of one acid, but both acids are 
obtained frqm the same soln., and the octocosihydrate is not converted into the 
docosihydruto by heat ; A. Rosenheim inferred that it is more likely that the 
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docosi- and the ocfcocosi-hydrates are isomeric forms. The one is called isohydro* 
borododecatongstic acid, H^BfWaOyh, j.22H 2 0, and other hydroborododecatungstic 
acid, Ho[B(W207) fl ].28H 2 0 ; their composition can be represented by co-ordi- 
nation formulae : 



*H[\V.O t \V..0 7 ]H o 
WA 
1 H, 1 


H 3 [ 

. ' w a 0 ? 

H[W s 0 7 ^ WA]H 
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For W. and I). Asch's hcxite theory of the constitution of the borododeea- 
tungstic acids, vide silicotungstic acids. 

l3. Klein prepared an ammonium borotungstate to winch he assigned the 
formula 2(NH 4 ) 2 0.9\V0 3 .B 2 0 3 .19H 2 () by the action of ammonium sulphate on the 
barium salt ; and H. (!opaux, one of the composition r)(NII 4 ) 2 0.24H 2 0.B 2 03.52ll20 
by the action of dil. aq. ammonia on the free acid, and evapprating the soln. in air. 
The observations of A. Rosenheim and co-workers indicate thatt he salt is ammonium 
isotetrahydroborododecatungstate, ( NH 4 ) 5 H 4 | B( W 2 O 7 ) 0 ]. « H 2 0. The tetragonal 
crystals have the axial ratio a :c -1 : 1*01(5 ; and they are isomorphous with the 
free acid. The crystals are stable in drv air, but deliquescent in moist air. 

H. Copaux made a lithium salt by a process analogous to that employed for 
the ammonium salt, and from the observations of A. Rosenheim, it is probably 
lithium isotetrahydroborododecatungstate, Li 5 H 4 [B(W 2 0 7 | 0 .«H 2 O. It forms tri- 
clinic crystals with axial ratios a : b : c~ 1*620 : 1 : 0*748, and a-— 98° 4', 

102° 2', and y=8()° 10'. The crystals are stable in dry air, but deliquescent 
in moist air. 1). Klein reported three sodium borotungstates with 
Na 2 () : W0 3 : 1W> 3 : H.O-2 : 14 : 1 r29 ; 1-9:1: 2;i ; and 2:9:1: 12. K. Eben- 
husen also obtained the 2 : 14 : 1 : 29 salt. According to H. Copaux, the 5 : 24 : 1: 35 
salt can be obtained by a similar process to that employed for the ammonium salt, 
and from A. Rosenheim's observations, it would appear to be sodium isotetrahy^TO* 
borododecatungstate, Na r ,H 4 [B(W 2 0 7 ) 6 ].15\5H 2 0. It forms monoclinic crystals 
stable in air, and with the axial ratios a:b:c — 0*461 : 1 :0 569, and |8--97 0 IT- 
According to A. Rosenheim and li. Schwer, sodium tetrahydroborododecatung- 
state, Na 6 H 4 [B(W 2 0 7 ) 6 ].27H 2 0, is obtained by treating a soln. of the acid with the 
calculated amount of sodium carbonate, and evaporating the liquid on a water-bath 
and then over cone, sulphuric acid. The crystals arc isomorphous with those of 
sodium metatungstatc. The loss in water at different temp, is: 


no“ lio’ uo' ioo’ :uxr 

Molar loss . 27 27 27 28 29 


showing that two of the 29 mols of water are constitutional. The oq. conductivity 
at 25° when an eq. of the acid is contained in v litres of water is : 9 

v . .32 64 128 150 ’ 512 1024 

A . . # . 1839 I960 203-2 213 6 225-2 235 2 

and A loa4 — A 32 =51'3 corresponding with a pentatasic salt ; but tht* neutrali- 
zation curve obtained with progressive additions of 012V-Na0H, to 
^N-Na B H 4 j_B(W20 7 ) 6 ].27H 2 0, and sp. conductivities in reciprocal ohms : 

C,c. XN- NaOH .0 1 2 2-8 345678 

Kec. ohms. . 3054 2 506 196 1-684 1 654 1-89 2-02 2*22 2-48 2*62 

has a minimum corresponding with at least two more replaceable atoms of hydrogen. 
The guanidinium salt, (C^H^eH^BfWfcOy)®, is hexabasic ; but enncabasic salts 
have not been obtained with ceftainty. D. Klein reported potassium salts 
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with K 2 0 : W0 3 : B 2 0 3 : H 2 0=h : 14 : 1 : 23 ; 2:12:1:18; 4:12:1:21; and 
2 : 9 : 1 : 13 ; and K. Ebenhasen, 5 : 25 : 1 : 34. H. Copaux reported potassium 
trihydtoborododecatungstate, K fl H3[B(W 2 0 7 )e].21H 2 0 > according to A. Rosenheim's 
formulation. The white hexagonal microscopic prisms were obtained by crystalliza- 
tion from a soln. containing a mol. of the acid and less than 6 mols of potassium 
carbonate. The salt is completely decomposed by boiling alkali-lye. He also made 
potassium isotetrahydroborododecatungstate, K 5 H 4 [B(W 2 0 7 ) ? ].18H 2 0, according 
to A. Rosenheim’s interpretation. Hexagonal prisms were obtained by an analogous 
process to that employed for the ammonium salt. The hexagonal prisms have the 
axial ratio a : c=l : 0*652 ; the crystals arc optically negative, and have the rotatory 
power 00—14°, The crystals lose a mol. of water on exposure to air. D. Klein 
reporteaa silver borotungstate with 3Ag 2 0.14W0 3 .B 2 0 3 .7H 2 0. A. Rosenheim and 
H. Bchvyer made silver isotetrahydroborododecatungstate, Ag 5 H 4 [B(W 2 0 7 ) fl J.7H 2 0, 
as a white crystalline precipitate by adding an at), soln. of the sodium salt to one of 
silver nitrate. The existence of the normal salt Ag 0 [B(W 2 O 7 )g] was not proved. 

D. Klein reported a calcium borotung8tute,2Ca0.9W0 3 ~B 2 0 3 .15H 2 0, and II. Co- 
paux reported calcium isotafrahydroborododecatungstater Ca 6 {H 4 [B(W 2 0 7 ) 6 J| 2 . 
44H 2 0, according to A* Rosenheim’s hypothesis. The salt is made by saturating 
the free acid with an excess of calcium carbonate, and evaporating the liquid. The 
triclinic crystals have the axial ratios 0 : 6 : c^l’357 : 1 : 1 524, and a=82° 20', 
/J—101° 42', and y-=94° 44'. D. Klein made a strontium salt, and a sodium 
barium salt ; K. Ebenhusen also reported a barium salt. H. Copaux made tetragonal 

crystals of barium isotetrahydroborododecatungstate, Ba 5 ;H 4 [B(W 2 0 7 ) 6 ]},.54H 2 0, 

according to A. Rosenheim’s interpretation. The axial ratio is a : c--f: 1*077 ; 
another salt reported with 6Ba0.24W0 3 .B 2 0 3 .58H 20 probably contained admixed 
barium tungstate. 

D. Klein reported magnesium borotungstate, and H. Copaux obtained 

doubly refracting crystals of magnesium isotetrahydroborododecatungstate, 

Mg5{H 4 [B(W 2 0 7 ) ( |]} 2 .42H 2 0, according to A. Rosenheim’s views. The soln. 
crystallizes badly at ordinary temp, but better at 40°. D. Klein reported a 
zinc borotungstate in rhombic needles, and the sat. aq. soln. has a sp. gr. 3*15 ; and 
K. Ebenhusen gave for the ratio ZnO : W0 3 : B 2 0 3 =2 : 9 : 1. D. Klein likewise 
reported cadmium borotungstate , 2Cd0.9W0 3 .B 2 0 3 .18(or 19)H 2 0, to be formed by 
traatmg the barium salt with cadmium sulphate. According to G. Linck, six of 
the 18 mols of water are combined. The crystals are dimorphous ; the rhombic 
form has the axial ratios «: 6 : c=l*3331 : 1 : 1*1383 ; and the triclinic form, 
0:6: c=0-6261 : 1 : 0’4398, and o=ll 4° 56', j8=92° 42', and y =94° 57'. Eight parts 
of water dissolve more than 100 parts of the salt at 17°, and the sp. gr. of the sat. soln. 
at 15 6 / 4 is 3'2887 ; and at 16'2°/4°, 3*2868, — it is the so-called Klein's solution 
used m the separation of minerals. The optical properties of the soln. were studied 
by G. W. k. Kahlbaum and co-workers. The index of refraction at 20° is L5781 
for the H a -line ; 1 5836 for the D-line ; and 15980 for the H^-line. The dispersion 
is therefore 1 0 0144. The crystals are pleochroic and effloresce readily. 

At MX) only traces of water are expelled ; at 150°, 12 mols are given off ; and the 
remainder at a red heat. H. Copaux made cadmium isotetrahydroborododeca- 
tuugstete, Cd 5 jH4[B(W 2 0 7 ) 8 } 2 .5lH 2 0, according to A. Rosepheim’s theory. The 
tnchnicv crystals are stablo in* air. D. Klein reported mercurous borododecatung- 
ttate to bo formed as a yellowish- white precipitate when the potassium salt is treated 
with mercurous nitrate ; he also reported mercuric borotungstate. H. Copaux made 
mercurous borododeeatangstate, formulated HgP(W 2 0 7 ) 6 ].12'5H 2 0, by treating 
sodium borotungstate with mercurous nitrate ; the precipitate is washed with 
water containing mercurous nitrate, and dried in air. The same salt was made by 
A. Rosenheim and H. Schwer. 

D. Klein reported aluminium borotungstate , 2Al l O J (9WO J .B 1 O l ),.65H l O ; didymium 
gpwtungstatet m rose-red octahedra ; certum borotungstate of indefinite composi- 
tion; thaUxum borotungstate, 2T1 1 0.9W0 I .B I 0 1 .5H I 0 ; chromium borotungstate , 



BOSON 


111 


on. n i ft WO BOI 74H.O • uranium borotungstaU, $UO,(9WO,.B,O,),.30H,O;»k»*- 
2 Cr,0,(9WO,.tJ,U,),. i uwo B O 17H.0 • antimonou. borotungftatc, wul orUwnontc 

r* ™WoTo“T 2H 6,^o foJiT Itfin Imbio cryWa, by toting 
and’ another, by maporation vonUm* of a m««d £ n.jf 

feaxa^s^SwESHsK: 

foMteNa. lIT 'd.'bI obtLwl 'nickel borotung.taie. 2Ni0 ' 1) WOvB.(V] | H » ) «« , i f‘ «^ n 

St" h wbh 2 a «\ 8 « 0 p'^ 

sp. gr. of a sat. soln. at 15*75 |4 w2 2* 59 , an —*1-4946 for the orange He-lino ; 

fetish 

These preparations want repeating. 

According to C. F. Rammelsberg ,‘ the dark green precipitate which borax forma 
with uranium tetrachloride aoln. ia almost wholly uranous hydrox.de J. B. R.chU 
obtained a pale yellow uranyl borate by treating a uranyl salt soln. with borax. It 
is sparingly soluble in water. 
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alkali di- and tetra- borates decompose manganese salt soln. slowly and incompletely, 
while A. Laurent stated that potassium hexaborate gives no precipitate with man- 
ganous salt win. C. Tissier stated that manganous hydroxide is soluble in a boiling 
soln. of boric acid ; and if a manganous salt be treated with an excess of borax, 
heated td boiling, and then treated with sufficient borax to saturate exactly the 
acid of the manganous salt, yll is dissolved. H. Endemann and J. W. Paisley found 
that in the presence of water, the reaction between borax and a manganous salt 
soln progresses until the ratio of MnO : B 2 0 3 in the soln. is as 1 : 3, and tfie precipi- 
tate contains a little acid borate. The soln. oxidizes in air. According to 
W. N. Hartley and H. Ramage, a bulky precipitate was obtained by adding a soln. 
of maManese sulphate slowly to a soln. of borax at about 22*£° until only a small 
ouantny on the former remained undecomposed. The precipitate was washed by 
decantation, and when dried in vacuo over sulphuric acid it furnished a bulky 
brownish-white powder. Analyses corresponded with monohydrated manganese 
tetrahydro-orthoborate, MnH 4 (B0 : ,) 2 .H 2 0, or Mn0.B,0 3 , 311,0 ; if dried at. 100° 
the composition is MnII 4 (RO ;i ) 2 : 

. 0~Mn-0-B<™J 

Tim miction in represented Nu 2 B 4 0 7 +2MnS0 4 +r>H 2 0=Na 2 S0 4 +H.,S0 4 
d-2MnlI 4 (B()j,) 5 j ; at 22 4°, the mother liquid retained 6*26 grms. of MAH^BOg^ 
per litre. The same compound was produced by treating borax with sodium 
hydroxide and manganese sulphate, Na 2 B 4 0 7 d-2NadH-f-3H 2 0+2MnS0 4 ^2Na 2 S0 4 
-f2Mnll 4 (B0 3 ) 2 ; at 15°, the mother liquid retains 209 grms. of MnH 4 (B0 3 ) 2 
per litre. 


Twenty gnus, of borax and 4 2 grms. of caustic soda were dissolved in water and the soln 
was boded for an hour to effect the combination of the base and tho salt. The soln. was 
then cooled, diluted to about. 800 e.c., and inapganeso sulphate soln. added until! on 
testing tho mother liquor with borax soln., a slight precipitate appeared. When 32 c c 
had been added, there was no precipitate, but when 1 c.c. more had been addod, a white 
precipitate slowly formed. The quantity of MnH 4 (BO J ) J in the mother liquor was deter- 
mined Manganese sulphate, added to the mother liquor, also caused a precipitate, showing 
that the manganese borate was less soluble in the soln. thus produced. It was remarked 
that the precipitate in tho manganese sulphate soln. oxidized much more rapidly than in 
tiie soln containing an excess of borax. The precipitate retains sodium sulphate witli 
considerable tenacity, and when tho quantity of sodium sulphate is decreased by washing 
of purity romarkotl thttt tho co,n l >ound oxidi ^s much more quickly in tho greater state 

W. N. Hartley and H. Ramage measured the loss of water which occurs when 
the salt is heated to different temp., and they found breaks which they interpret 
to mean that the following compounds are produced : MnH 4 (B0o) 2 .H 2 0 at 22° • 
MnH 4 (B(y 2 at KK) ; MnH 2 B 2 05 at 170° ; MnB 2 0 4 .{jfH 2 0 between 195° and 220° ■ 
MnB 2 () 4 5 H 2 0 at 225° ; MnB 2 0 4 .§H 2 0 between 295° and 305° : MnBo0 4 .H 2 0 at 
a red heat; and Mn(B0 2 ) 2 when the salt is partially fused. They also "found that 
the» solubility of the borate in water containing a “mere traco” of the borate is 
0 94 grm. MnH 4 (B0 3 ) 2 per litre at 13 3° ; 0*50 grm. at 44° ; and 0 08 grin, at 
80 ; showing that the borate is less soluble at 80° than at a lower temp., and there- 
fore, manganese borate is.deppsited from a soln. heated to 80°. The phenomenon 
laattribifted to the dehydration of the mono hydrate at 80°, a change completed at 
100 when the salt is heated in air. Soln. containing 0*266, 0 084, and 0 046 grm 
of sodium sulphate per litre between 15'5° and ‘17°, dissolved respectively l*6o’ 
1‘ 76, and 1*54 grms. of the borate per litre. Soln. with 20 grms. of sodium sulphate 
per litre at 18*5°, 40°, 60°, and 80° dissolved respectively 0*77, 0*65, 0 36, and 012 grm. 
of borate per litre ; soln. containing 20 grms. of sodium chloride per litre dissolved 
at 18 2.°, 59°, and 80°, respectively 1*31, 0*60, and 0*29 grm. of the borate ; and soln. 
# contaming f 20 grms. of calcium chloride per litre dissolved at 17*6°, 43°, 61^ and 
80°, respectively 2*91, 2*44, 2*25, and 1*35 Jr ms. of manganese borate per 'litre 
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Manganese borate is used in the preparation of drying oils, and oil varnishes* 
Large proportions of calcium sulphate as impurity have been reported. 

C. W. Scheele 3 noted that fused borax dissolves manganese oxide, forming a 
colourless clear glass which becomes opaque on cooling. A. Rosenheim and F. Leyser 
made complex manganese pentaborate. Manganese carbonate was. found by 
W. Guertler to dissolve rapidly in the fused acid with the evolution of carbon dioxide. 
The molten soln. separates into two layers ; the up]>er colourless layer is mainly 
boric oxide, the lower layer is dark brown. The powdered mass after extraction 
with wattr furnishes crystals of manganese tetraborate, Mu0.2B 2 0 3 , or MnB 4 0 7 , 
and the compound shows some analogies with the corresponding strontium and 
calcium borates. H. Endemann and J. W. Paisley obtained pentahydrated man- 
ganese tetraborate* MnB 4 0 7 .5H 2 0, by triturating an acid manganese borlte with 
a little water and the calculated proportions of boric acid, and drying the product 
in air ; it was also obtained by adding sodium hydroxide to a soln. of borax so as 
to furnish 4 mold of NaB0 2 , and mixing the product with 2 mols of manganous 
chloride. The precipitate was washed and the right amount of a soln. of boric acid 
added to convert the precipitate into MnB 4 0 7 , and the product was dried in air. 
If dried just below 120°, trihydrated manganese tetrabqrate, MnB 4 0 7 .3H 2 0, is 
formed. This product when mixed with water hardens like plaster of Paris. It 
loses all its water at a red heat, and loses a little boric oxide as shown by its becoming 
superficially brown. 

L. Ouvrard prepared manganese orthoborate, Mu 3 (B0 3 ) 2 , or 3Mn().B 2 0 8 , by 
[ heating manganese sulphate or chloride with cqui-molar proportions of potassium 
■ hydrofluoride and boric oxide. The needle -like crystals are pale brown and, 
according to E. Mallard, the rhombic crystals have the axial ratios a \ b:c 
--0*6511 :1 : 0*5311. J. J. Ebelmen obtained the same compound, and he also 
reported manganese sesquiborate, 3M11O.2B2O3, which E. Mallard said forms 
rhombic crystals with axial ratios a : b : c—1'8873 : 1 : 2*012 ; but \V. Guertler 
thinks that this product is more probably dimanganesc diborate, 2Mn().B 2 0 8 . 
W. Guertler also prepared manganese di- or metaborate, Mn(B0 2 ) 2 , or Mn0.B 2 0 3 , 
by fusing together eq. quantities of the components. W. N. Hartley and 11. Ramage 
made thus borate by heating manganese tetrahydro-orthoborate to incipient fusion. 
; G. J. Brush described a mineral sussexite , found in the zinc mine at Sussex, New 
Jersey. G. J. Brush’s and S. L. Penfield s analyses correspond with (Mn, Mg, 
Zn)H.B0 3 , or [(Mn, Mg, Zn)()H]BO,. 

jy>3 MnO MkO /liO ii 2 <) 

32*00 3009 1047 324 9 00 
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The mineral occurs in fibrous masses coloured white or yellow ; the sp. gr. is 3‘42 ; 
and the hardness 3. It is soluble in hydrochloric acid. The mineral pinakiolUe 
was found by G. Flink in the manganese mine at Langbanshyttan, Sweden, and 
named after mvaiaw, a small board, and A *6u<;, stone. Analyses by G. Fliuk, 
and H. Backstrom correspond with (Mg0) 3 .B 2 0 3 .Mn0.Mn 2 0 3 ; W. C. Brogger 
assigns to it the formula Mg 2 0.Mn0.B0 8 , or Mg 2 0.Mn0 2 .B0 2 . # 


0 < 


Mg — O — B— O 
Mg — O — Mn- O 


The rhombic plates have the axial ratios a : b : c--0’&33fo : 1 : 0 58807 ; the' sp. gr. 
is 3881 ; and the hardness 6. The mineral is dark brown, almost black. It is 
almost opaque in the direction of the c-axis ; dark reddish-brown in the direction 
of the 6-axis ; and reddish-yellow in the direction of the o-axis. Dil. acids have 
very little action. It is soluble in cone, hydrochloric acid. 

J. Percy 4 fused mixtures corresponding with FeO : B 2 0 3 , 3FeO : B 2 0 3 , 
3FeO : 2B 2 0 3 , and 6FeO : B 2 O s , and obtained brownish-black vitreous pioducts, 
but no evidence of the formation of definite borates. C. W. Scheele ^prepared a 
pale yellow powder of terrous borate by double decomposition with borax and a* 
VOL. v. 
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ferrous salt soln. ; J. Tiinnermann likewise obtained a green product. It ^ 
fusible before the blowpipe, and hydrolyzed by water. W. Guertler could not make 
ferrous borate by fusing ferrous oxide with boric acid, oxidation always occurred 
even when the fusion took place in a stream of hydrogen. The product separates 
on cooling into two layers. The upper black layer is a soln. of iron oxide in boric 
oxide ; the lower layer contained crystals of 2Fe0.2Fe 2 0 3 .3B 2 0 3 . J. Percy heated 
mixtures corresponding with Fe 2 0 3 .B 2 0 3 and Fe 2 0 3 : 3B 2 0 3 , and obtained vitreous 
products but no evidence of combination ; part at least of the ferric oxide was 
reduced to a lower oxide. H. Rose obtained a voluminous yellow insoluble pre- 
cipitate of ferric borate by the action of borax on a soln. of a ferric salt. The 
colour ^larkens when it is heated. G. Rousseau and H. Allaire prepared cubic 
crystals of ferrous chloroborate, 6Fi*0.8B 2 0 3 .FeCl 2 , by passing tbe vapour of ferrous 
chloride over iron wire and calcium borate in a stream of carbon dioxide at 330°. 

The dark green mineral ludwifjite is a magnesium ferric borate ; specimens from 
Morawitza were described by G. TVhermak, A. Veszely, J. E. Whitfield, and V. von 
Zepharovieh ; W. T. Seludlcr described a sample from Philipsbury, Montana. The 
last-named represented its composition by Fe0.Fe 2 0 3 .3Mg0.B 2 0 3 ; J. J. Ebelmen 
synthesized a related product of sp. gr. 3 85 by melting together 26 grins, of ferric 
oxide, 20 gnus, of magnesia, and 25 grins, of boric oxide. It is possible that a 
magnesium ferri magnesium borate, Mg0.Fc« 2 0 3 .3Mg().B 2 0 3 , and a ferrous ferri- 
niagnesium borate, Fe0.Fe 2 0 3 .3Mg0.B 2 0 3 , an* in isomorphous admixture. The 
idealized compound is also regarded as a magnesium boratoferrite, Mg 2 0.Fe0 2 .B0,,. 

I lie rhombic crystals have the axial ratios a : b : c -0 ,( J88 : 1 : - . E. Mallard also 
measured the prism angles A. K. Renard made observations on tlie crystals, 
i , H i!; « r - , w -4-016; and the hardness is 2. G. Tsehermak found that 
ludwigite melts to a black magnetic slag. Gold dil. hydrochloric acid slowly dissolves 
the line powder while the warm acid acts rapidly ; sulphuric acid also dissolves the 
imneral slowly, forming a green soln., and, according to F. Berwerth, ludwigite is 
converted into hmonite. A. S. Eakle also found black prismatic crystals of a 
mineral at Riverside California, and they called it vomaiitc. Its structure and 

wrlr.in'lTn'T » l f ' "r composition approximates to 

f ’ WSh I (oO.icjQ,. 1 he mineral is ait her rhombic or monoclinic with 
tlu axm ratios p:/-:c(r 7558:1 :-tbc sp. gr. is 1'21, ami the hardness 5. It is 
<juitc soluble lu hydrochloric or sulphuric acid. 

W. filler tier 5 mdted a mol of cobalt with it mols of boric oxide, and obtained 

«!xi, r rat ’'' 'T rs; tlH ' l,luc w mainly boric 

oxu (. , the lower layer furnished violet aricular crystals which could be isolated by 
washing <>ut the bone oxide. The composition corresponded witli cobalt diborate, 
-1.4ju.U2U3, or ( OgBo(> 5 . L. Ouvrard also made a compound with the same composi- 
.lon by treating cobalt chloride with a mixture of ccjui-niolar proportions of boric 
oxide and potassium hydroliuonde. The violet prismatic crystals were isolated by 
washing with water. E. Mallard assumed the existence of 3Co0.2B 2 0 3 , isomorphous 
o n"fK ndmg magnesium compound ; and when the latter was shown to be 
•iMgU. B s 0 3 , the former was taken to be best represented by 2CoO.B,0, L Ouvrard 
ulso made rose-violet crystals of cobalt orthoborate, 3CoO.B 2 0 3 , or Co,(BO,)» 
by using less boric oxide than was employed for the preceding. E. Mallard said 
that tip: rhombic crystals, haye the axial ratio a : 6=0 641. A. Rosenheim and 
e. U'yser.made complex cobalt pentaborate. A. Ditte made decahydrated cobalt 
tetraborate, CoOJBjOj.IOHjO, by mixing a cold soln. of borax with one of a cobalt 
salt; and dodecahydrated cobalt octoborate, C0O.4B2O3.12H2O, in rose-red 
crystals ; by evaporating a sat. soln. of cobalt carbonate in boric acid. H Rose 

XvSr n'lna? 1 ”^ a, ' lor !? hoU3 tetrahydrated tricobalt tetraborate. 

JUoU.2B 2 0 3 ,4H s O, to be formed when a soln. of borax is added to one of a cobalt 

r J E i “ al ' ard 8tud ! ed cobalt magnesium borate. 

2B,U s (UO.MgO) s , which is obtamed in tnclimc crystals from a molten mixture 
of the components. J J. Ebelmen s 2(Co0.*g0).B 2 0 3 is assumed bv E. Mallar d 
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to be isomorphous with 2Co0.B 2 0 3 and 2Mg0.B 2 0 3 . R. Tupputi obtained a pale 
apple-green powder by adding borax to a soln. of a nickel salt ; the precipitate is 
insoluble in water but soluble in the three mineral acids. J. J. Berzelius said that 
the product fused to a hyacinth-coloured glass. According to W. Guertler, nickel 
oxide behaves like cobalt oxide towards fused boric oxide, and he obtained crystals 
of dirnckel diborate, 2Ni0.B 2 0 3 . L. Ouvrard obtained green crystals of nickel 
orthoborate, 3Ni0.B 2 0 3 , or Ni 3 (BG 3 ) 2 ; of hexahydrated nickel tetraborate, 
NiO. 2 B 2 Q 3 . 6 H 2 O; and of decahydrated nickel octoborate, Ni0.4B 2 0 3 1oH 2 0, 
analogous to the cobalt borates. 

Soln. of rhodium salts give a precipitate— probably rhixhum borate —with 
sodium borate. . # 
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§ 17. Perboric Acids and the Perborates 

The existence of perborates was demonstrated by A. I^ltard J in ISH 0 ; by 
mixing a sat. soln. of boric acid and hydrated barium peroxide, he obtained a product 
which possessed oxidizing properties, liberating chlorine from hydrochloric acid, and 
giving oxygen with dil. acids. In 18J8, 8 . M. Tanatar produced sodium perborate , 
by the action of hydrogen dioxide on a soln. of sodium ortho (jorate. P. G. Melikoff 

9 
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and L. Pissarjewsky in 1898 prepared the potassium and sodium salts. Perboric 
acid itself has not been made. L. Pissarjewsky said that at 25° aq. Boln. of boric 
acid and hydrogen peroxide do not combine, but in ethereal soln. and an excess of 
hydrogen peroxide, the partition coeff. of boric acid increases a little corresponding 
with the formation of free perboric acid in the etheral soln. As a typical perborate, 
consider ordinary sodium perborate, NaB0 3 .4H 2 0. P. G. Melikoff and L. Pissar- 
jewsky made it by treating a sat. soln. of borax containing an eq. amount of sodium 
hydroxide with double the amount of hydrogen peroxide required for the production 
of the perborate. After sonic time, crystals of the salt separate : Na 2 B 4 07 
+2Na0H+4H 2 0 2 -5H 2 0+4NaB0 3 . 

Aoocrding to F. II. Fuhrmuun, tho introduction of catalytic metallic compounds in the 
liquid in avoided by \wing wooden vats and stirrers, and all metal pipes, taps, etc., are woll 
tinnod, The product is host separated from tho mother liquid eentrifugally ; and the salt 
is dried by passing it through an apparatus where it meets a current of air which may be 
heated to 50°. 

The two modern methods used in the manufacture of sodium perborate are : 
(i) the interaction of sodium dioxide and sodium metaboratc ; and (ii) electrolytic 
methods. Hinkel et Die. suggest the auto-oxidation of aq. soln. of borax and lime by 
means of aluminium amalgam in a current of oxygen. J. Bruhat and H. Dubois 
obtained it by adding alcohol to a soln. of sodium orthoborate with twice the calcu- 
lated quantity of hydrogen peroxide. 0. T. Christensen cooled a soln. of 62 grms. 
of boric acid in 500 c.c. of water, and added 87 grms. of sodium peroxide in small 
portions at a time so that the temp, did not rise over 30°. Next day, 45 grms. of 
crystals of the perborate separated out. G. F. Jaubert added enough mineral acid 
to a soln. of perborate to neutralize about half the contained alkali, and crystallized 
the soln. 

S. M. Tanatar stated that perborates are produced at the anode during the 
electrolysis of cone. soln. of sodium orthoborate, but E. J. Constam and J. C. Bennett 
did not conlirm this. J. Bruhat and If. Dubois, however, confirmed S. M. Tanatar’s 
observation, and K. A. Pouzenc patented a process for making sodium perborate 
by electrolysis. The mechanism of the electrolysis has not been established. 
8. M. Tanatar assumed that the borate is oxidized by the hydrogen peroxide formed 
at the anode. . The hydrogen peroxide would be produced bv the discharge of 
OH'-ions contained in the soln. of sodium orthoborate.. E. J. Constam and 
J. C. Bennett objected that the. soln. of hydrogen peroxide under such conditions 
is too dil. for the conversion of borates to perborates. The latter objection does not 
allow for a possible local cone, of the hydrogen peroxide at the anode sufficient for 
the purpose. E. H. Reisenfeld and B. Reinhold could not obtain hydrogen peroxide 
by electrolysis of soln. of sodium hydroxide, but they did obtain it in the presence 
of potassium hydroxide. The Frcdrikstad elektrokemiske Fabrik claims that in 
the preparation of perborates by the usual electrolytic process, a large percentage 
of electrical energy and borax is wasted, only highly purified borax can be used, 
and it is dillicult to maintain a constant and continuous production. The last- 
named disadvantages are overcome by adding sodium cyanide to the borax soln. 
This prevents the decomposition of the perborate formed in the soln. When the 
soln. is sat., sodium peroxide is added, and the perborate then crystallizes out. 
The Deutsche Gold- und Silberscheideanstalt add fluorides or ‘perchlorates to 
increase the anode potential. The subject has been investigated by T. Valeur, and 
P. C. Alsgaard. K, Arndt’s electrolytic process is as follows : 

A soln. of 40 grms. of borax and 120 grms. of anhydrous sodium carbonate is electrolyzed 
between a platinum gauze anode and a cathode made of tin tubing bent in a zigzag form 
round the anode. A current of water is circulated through the cathode, whereby the temp, 
is kept below 18°. A current of 20 amps, at 6 volts is used with an anode 8 X 6 eras. After 
an hoqr the current is stopped and the soln. cooled, when about 20 grms. of sodium perborate 
separate out in small crystals. These are washed with a little ice-cold water and dried. A 
^ somewhat better yield can be obtained if 0*1 grm.<of sodium chromate and 1 drop of turkey- 
fed oil are added to the soln. For the preparation of soln. of sodium perborate for bleaching 
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purposes, it is recommended that the anode should be smeared with vaseline. In (huso 
circumstances, a yield of 27 grins, per litre can bo very eOieiently obtained. 


Sodium perborate forms transparent monmlinie prisms of the Ulrahydrate, and. 
according to J. Bruhat and II. Dubois, if the tetruhydrate be dried, it furnishes the 
monohydrate, and in vacuo, over phosphorus pentoxide, the anhydrous salt* is formed. 
F. Forster prefers to regard the tetrahydratc as a salt*, NaB0 2 .H 2 0 2 .3H 2 0, than as 
NaB0 8 .4H 2 0. When the salt, after dehydration at fKJ 0 — 50°, is further heated at 
120° in awacuum, it loses water, and the residue, which evolves oxygen on treating 
with water, consists chiefly of (NaB0 2 ) 2 0., with some NhB<) 2 , H 2 0 tfnd metaborate. 
This compound, (NaB0 2 ) 2 0 2 , has properties which differ from those of NaB0 3 , 
and this tends to imply the existence of a substitution product of hydrogen peroxide 

of the composition ONa.B^^, analogous to persulphates and percarhonates. This 


is confirmed by the fact that sodium perborate has been electrolytically prepared. 
Sodium perborate, obtained by the action of hydrogen peroxide on the metaborate, 
behaves as the salt of an acid of greater strength than boric acid. The salt is stable 
in air ; and G. F. Jaubert stated that the salt is not affected by atm. carbon dioxide, 
whereas, S. M. Tanatar found it is rapidly decomposed by that gas. The solubility 
of the salt in water has been measured bv i\ G. Melikoff and L. Pissarjewsky, 
S. M. Tanatar, and G. F. Jaubert and G. Lion. The latter found that 100 o.c. of 
water at 15° dissolve 2 55 grms. of the tetrahyd rated salt at 21°, 2fl9 grms. ; at 20°, 
2'85 grms. ; and at 32°, 3*78 grms. J. Bruhart and H. Dubois found that the 
solubility is increased in the presence of boric, tartaric or citric acid, or of glycerol, 
while G. F. Jaubert and G. Lion found that the solubility is increased in the, present o 
of small proportions of magnesium and ammonium sulphates. G. F. Jaubert 
noticed that the temp, is lowered when the salt is dissolved in water, and S. M. Tanatar 
gave — 1 1*504 Cals, for the heat of soln. in water at 10*1° ; and - 8 950 Cals, for the 
heat of soln. in JiY-sulphuric acid at I7'29 0 ,; so that the heat of decomposition of 
the dissolved salt by sulphuric arid is 2'Gll Cals. 

The aq. soln. has an alkaline reaction, and it is stable at ordinary temp. 
L. Pissarjewsky measured the distribution coeff. of hydrogen peroxide between aq. 
and ethereal soln. of borates, and found the relative cone, of tin* borates in the ether 
phase increased in conformity with the assumption that the soln. contains perborates. 
He further showed that at least GO per cent, of the peroxide oxygen in an aq. soln.tif 
sodium perborate, at 25°, is hydrogen peroxide ; and at this temp, he inferred, that 
sodium perborate does not exist in aq. soln., but hydrolyzes : Na() 2 BO-f H 2 0 
-~Na0 2 H-fHB0 2 ; and in accord with the experiments of II. T. Calvert, lie assumed 
that the sodium hydroperoxide thus formed hydrolyzes into hydrogen peroxide and 
sodium hydroxide. The latter unites with the boric acid so that the aq. soln. contains 
sodium borate, boric acid, sodium hydroperoxide, hydrogen peroxide, sodium 
hydroxide, and traces of sodium perborate. At lower temp., sodium perborate is 
formed, NaOoH pHO.BO— H 2 0 }-Na0 2 BO, in increasing proportions the lower the 
temp., so that at 0° only sodium perborate is present. This is in agreement with the 
measurements of E. J. Constam and J. C. Bennett on the electrical conductivity of 
aq. soln. of sodium perborate. The conductivity at a dilution »;=32 is 30'7, and for 
>'=1024, 401,^0 that, according to Ostwald’s rule,' the acid is monobasic, and the 
formula of the sodium salt is NaB0 3 , and not Na 2 I* 2 0 6 : H. Menzel measured the 
effect of hydrogen dioxide on the f.p. and electrical conductivity of soln. of flrthoboric 
acid, and on soln. of alkali metaborate, and borax. He also measured the partition 
coeff. of hydrogen dioxide between amyl alcohol and aq. soln. of potassium meta- 
borate. For the equilibrium (B0 2 .H 2 0 2 )'^B0 2 / -f H.»0, where [(B0 2 .H 2 0 2 )']tf 
=[B0 2 'IH 2 0 2 ], he found 0 024 at 0°, and 0 033 at 18° ; for HB0 2 +H 2 0 2 
^HB0 2 .H 2 0 2 H>H'-f (B0 2 .H 2 0 2 )', he found [HB0 2 X1I 2 0 2 ]K - [H'][(B0 2 .H 2 0 2 ) / ], 
2x10-* at 18°; and for HBO^H -f B0 2 ', [HB0 2 ]K— [H-JBOj'], K 
=* 5*7 Xl0~ 10 . In cone. soln. of meteborates and borax to which hydrogen dioxide* 
has been added, there is a great reduction of alkalinity #nd affinity due to the 



118 INORGANIC AND THEORETICAL CHEMISTRY 

formation of complex acids, a fact which explains the evolution of carbon dioxide 
from mixtures of borax and hydrocarbonate on the addition of hydrogen dioxi e. 

The hydrolysis of th*- perborate in aq. soln is in agreement with the constitution 
HO.O.B'O, and the reaction : 0:B00H f 2lU> B(OH) s d HO.OH. h. Boss- 
hard and If. E. Zwieky do not agree with this. They found that when a soln. 
of an alkali perborate is gentJv distilled under press, at .>0 -OB , or in a stream of 
dry air free from carbon dioxide, no hydrogen peroxide is found in the distillate , 
water is lost, and the percentage of active oxygen in the residue increases. They 
infer that in perborates the active oxygen cannot be represented as hydrogen 
peroxide of crystallization, and that sodium perborate has the constitution 

V (> 

\a0.1K () 

This view is supported by the fact that a stable potassium hvperboiate. KBO4.H2O, 
is known which evolves only traces of oxygen when dissolved in water. When dried 
over phosphorus pentoxide in vacuo, IKBO4.II0O is produced so that the hyperborate 
cannot be formulated KB 0 :1 .IL 0 2 , but is rather a derivative of potassium hyperoxide 
and perhoric acid, and <t may be represented 

KO.().B<!) 


This compound is stable, but if its constitution were KO.O.OBO, analogies indicate 
that it would be unstable. 

According to l\ U. Melikoff and L. Bissarjewsky, the aq. soln. of sodium perborate 
begins to decompose at 40 ° giving off oxygen. Sborgi and G. Nocentini found 
that the decomposition of sodium perborate in a«j. soln at different temp. does not 
obey any simple law, although it. corresponds approximately with a unimoleeular 
reaction, the values of the equilibrium constant lying on a regular curve which passes 
through a maximum The velocity of tin* reaction is influent ed in one direction or 
the other by the decomposition products of the perborate and by a number of other 
substances. E. Bossliard and if. K. Zwieky found the velocity of decomposition 
of aq. soln. under the catalytic influence of colloidal platinum is smaller than that of a 
soln. of hydrogen peroxide under similar conditions ; and with dil. sulphuric acid it 
foems hydrogen peroxide ; G. F. Jauheri found that if the powdered salt be added 
to r>() per cent, sulphuric acid, boric acid is precipitated and a soln. of hydrogen 
peroxide is formed. According to 0 . T. (Tiristensen, with cone, sulphuric acid, 
ozonized oxygen is evolved ; the soln. possesses oxidizing properties, it liberates 
chlorine from hydrochloric acid ; it oxidizes ammonium sulphide with the evolution 
of much heat. The soln. gives off oxygen when treated with solid or soln. of iodine, 
or with bromine water ; it gives a precipitate with mercurous nitrate soluble in 
excess, and when the soln. is warmed mercury is precipitated ; mercuric chloride gives 
a reddish-yellow’ or brown precipitate containing free mercury ; mercuric oxide is 
reduced; auric chloride furnishes brown gold; platinum tetrachloride does not 
reaot at ordinary temp. ; palladium tetrachloride gives oxygen ; cupric sulphate 
gives a yellowish-green precipitate which is soon decomposed ; neutral lead acetate 
gives a yellow isli- white precipitate, and basic lead acetate a dark brown precipitate ; 
lead dioxide gives oxygen ; manganous salts form manganese dioxide with the 
evolution *of oxygen ; cobalt nitrate gives a precipitate which soon decomposes 
with the evolution of oxygen ; chromic acid and ether, or chromates with an acid, 
give the perehromafce reaction ; it converts ferrous to ferric salts ; morphine hydro- 
chloride gives a colourless acicular precipitate which soon dissolves with the evolution 
oxygen { and quinine sulphate and strychnine nitrate also give white precipitates. 
^„ u s J. Bruhat and H. Dubois have shown, the aq. soln. has properties cha- 




tic of soln. of hydrogen peroxide. According to A. Monnier, a dil. soln. of 
r *' aUt phJoridc gives a reddish tinge with perborates ; and no coloration or 
Vn^’ith 0*5 per cent, alcoholic soln. of benzidine. Perborates with a 
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soln. of chrome alum give a greenish-yellow precipitate, which when shaken with a 
little ether and dil. sulphuric acid, furnishes a blue ether extract. This distinguishes 
perborates from percarbonates and hydrogen dioxide. Both perborates and 
percarbonates impart a blue coloration to a soln. of potassium dichromate acidified 
with sulphuric acid. 

The active oxygen in perborates is determined by titrating the acid soln. with 
potassium permanganate soln. E. K. Farrar, E. Rupp and J. Mielck, A. Skrahal 
and J. P. Vacek, and W. Lenz and E. Richter have diseussed this problem. 
J. M. Mathews emphasized that the bleaching is due to the hydrogen peroxide 
which is formed when the salt is dissolved in water ; and while sodium perborate 
furnishes about 10*4 per cent, of active oxygon, sodium peroxide gives twice gs much. 
The cost of bleaching with the former is expensive, out of all proportion when 
compared w r ith the latter. The advantage with sodium perborate is that the 
bleaching soln. can be used with hot soln. Indeed, hot water is required for the 
complete 1 decomposition. The particular advantage of the perborates over hydrogen 
peroxide is due to the fact that they can be employed in various scouring mixtures 
to be used by the laundry in hot soln. For example, the perborates of sodium and 
magnesium are used industrially for bleaching purposes. Not only is sodium per- 
borate used as a bleaching agent in the textile industries ; and as a detergent in place 
of sodium peroxide, but it also enters into the composition of deodorants, germicides, 
decolorizing agents, antiseptics, dentifrices, and various pharmaceutical prepara- 
tions. Well-crystallized sodium perborate preserves its strength and is now manu- 
factured on a commercial scale, and it may replace hydrogen and sodium peroxides 
in the various industries. It has the advantage over hydrogen peroxide of being 
highly stable, and being a solid it is more easily and economically transported. 
Sodium perborate can be incorporated with soaps and washing powders to furnish 
a combined washing and bleaching agent ; such preparations are per ail — a mixture 
of soaj), soda ash, sodium silicate, and perborate ; cbirax a mixture of borax, 
sodium phosphate, and perborate ; ozonitv- a mixture like persilwith different pro- 
portions of the same constituents ; and perbonn products. Perbnrxn-M is a mixture 
of soap, perborate, and alkali. Perborin is a trade-name for sodium perborate, 

0. T. Christensen prepared potassium perborate by a process similar to 'that 
employed for the sodium salts, but the constitution was not very dear ; it may be 
2KBO3.KBO4.5lLO, or 3KBO3 H 2 ()j,. 41I 2 0. C F. von (lirsewald and A. Wolokitin 
obtained hemihydrated potassium perborate, 2KBO s 1LO, by adding 100 c.c. 
of a cold 95 per cent. soln. of potassium metaborate to 1020 c.c. of a cold 3 per cent, 
soln. of hydrogen peroxide. The filtered liquid was treated with 11(10 c.c, of methyl 
alcohol. The microcrystalline powder was washed with ice-cold water. The 
salt is stable when dry, but an aq. soln. at 50' loses its active oxygen in an hour, and 
more slowly at lower temp. 100 parts of water dissolve 1*25 parts of tin* salt at 0°, 
and 2*5 parts at 15°. The white powder is stable at ordinary temp., and it has 
a composition and properties corresponding with potassium perborate hemiper- 
Oiy hydrate, 2KB0 3 .H 2 () 2 . When rapidly heated, it deflagrates at 150°- ICO 0 , but 
if heated slowly, the active oxygen is quantitatively evolved. 0. T. Christensen 
prepared rubidium perborate, RbB0 3 .H 2 0, by warming 20 grms. of rubidium 
hydroxide with 40 c.c. of water and 12 grins, of boric acid, and treating the cold 
soln. with 110 c.c. of 6 per cent, hydrogen peroxide, send then with aiyqual vol. 
of 96 per cent, alcohol. The oily precipitate was then allowed to crystallize. The 
properties of the salt resembled those of sodium perborate. He also made caesium 
perborate, CsB0 3 .H 2 0, in a similar manner. P. G. Melikoff and L. Pissarjewsky 
prepared hemihydrated ammonium perborate, 2(NH 4 ) 2 B() 3 .H 2 0, by dissolving 
boric acid in 2*5 per cent, hydrogen peroxide, adding aq. ammonia, and then 
alcohol, when colourless isotropic crystals of the trihvdrate are deposited. When 
kept 24 hrs. over cone, sulphuric acid, the hemihydrate is formed ; and, according 
to E. J. Constam and J. C. Benaett, the salt is completely dehydrated ovej* 
phosphorus pentoxide, S. M. Tanatar has described a mopohydrate. 
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P. G. Melikoff and L. Pimrjewsky prepared cupric perborate, Cu(B0 3 ) 2 , by 

adding a sat. soln. of sodium perborate at 0° to a cupric salt. The salt is readily 
decomposed by water. Tf silver nitrate be treated with sodium perborate a white 
curdy precipitate of an impure silver perborate is formed. A. Etard prepared 
barium perborate by the action of a soln. of barium peroxide on boric acid. The 
white amorphous precipitate was stated to be insoluble in water, and to lose a mol 
of water at KX)", and not to be decomposed by water. The product is hygroscopic, 
but not deliquescent ; it gives off oxygen with acids, and with cone, hydrochloric 
acid at 40°, chlorine is evolved. J. Bruhat and H. Dubois noted that soluble 
perborates give a white precipitate when added to a barium salt soln. According to 
p. G. Melikoff and L. Pissarjewsky the white flocculent precipitate has the composi- 
tion Ba(B<y z .7H 2 0. The corresponding strontium perborate and calcium 
perborate were prepared in a similar manner. The calcium salt is Baid to be 
sparingly soluble in water and to be decomposed by water more quickly than the 
barium salt. H. Byk obtained a IK) per cent, yield of calcium perborate by treating 
a soln. of 1 1 parts of crystallized calcium chloride in 10 parts of water with 15‘4 
parts of sodium perborate at W -GO 0 . 

A. Etard, and J. Bfuhat and II. Dubois prepared magnesium perborate, but 
the composition was not constant presumably because of hydrolysis. The Deutsche 
Gold- and Silberscheide Anstalt prepared a white amorphous magnesium perborate 
by the action of sodium peroxide and boric acid on a magnesium salt. When dry 
the salt is stable, but with water there is formed an aq. soln. of an acid perborate, and 
a precipitate of a basic perborate. The corresponding zinc perborate was similarly 
prepared. H. Buchtala prepared thallous perborate, T1 2 B 2 0 7 , as a white powder 
by adding 30 per cent, of hydrogen peroxide to an aq. soln. of one of the thallous 
borates. The aq. soln. decomposes on evaporation, forming thallous metaborate. 
The suit exhibits the usual reactions of a per-salt, and explodes when heated rapidly. 
The graphic- formula is written : , 


T10.B.O.O, 

T10.B.0.0 


>0 


Unstable nickel perborate, and cobalt perborate were obtained by P. G. Melikoff 
and L. Pissarjewsky. By the action of a soln. of a perborate on uranium dioxide, 
J.Jiruhat and U. Dubois prepared a yellow, stable, uranyl perborate, (UO)BO !if 

G. F. Jau be rt claimed to have made sodium pertetraborate, Na 2 B 4 O 8 .10H 2 O, 
or perborax by crystallization from a soln. of 248 grms. of boric acid, and 78 grms. of 
sodium peroxide in 2 litres of cold water. The salt decomposed into hydrogen 
peroxide when dissolved in water, and the soln. has an alkaline reaction. The first 
crop of crystals is richer in active oxygen than those separating later, and the last 
fraction contains no active oxygen at all ; and ordinary sodium perborate crystallizes 
out if the aq. soln. is mixed with hydrochloric acid eq. to half the sodium in the 
perborate. UK) grms. of water at 11°, 22 v , and 32° dissolve respectively 42, 71, 
and 13'8 grms. of salt. J. Bruhat and H. Dubois prepared what they regarded as 
potassium perdiborate, KB 2 0 b .2H 2 0, by adding alcohol to a soln. of potassium 
diborate in hydrogen peroxide. The crystals lose a mol of water in vacuo over 
phosphorus pentoxide. 

P. G, Melikoff and L. JPissarjewsky obtained indications of the formation of 
sodium hyperborate, Na0.B0 3 , or NaB0 4 , but the salt was not isolated. 
& Bosahard and H. K. Zwicky prepared potassium hyperborate, KB0 4 .H 2 0, which 
evolves only traces of oxygen when dissolved in water— vide supra. G. I. Petrenko 
prepared an ammonium hyperborate, NH4BO3.NH4BO4.2H2O, by the action of 
hydrogen peroxide on ammonium perborate, and precipitation with alcohol at a low 
temp. A monohydrate was also prepared. 
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§ 18. Boron Fluoride 

J. L. Gay Lussac and L. J. Thenard 1 heated a mixture of vitreous boric oxide 
with twice its weight of fluorspar free from silica to \\ lateness in an inclined iron tube, 
and obtained le gas fluoborique, boron trifluoride, BF 3 J. Davy obtained the 
same gas by heating in a glass flask a mixture of 12 ] tarts of sulphuric acid, one of 
vitreous boric oxide, and two of fluorspar; G. Ferrari, and 8. G. Rawson used a 
similar process for these three constituents. According to J. J. Berzelius, the gas 
obtained by this method contains a large quantity of silicon fluoride, derived frpm 
the silica in the fluorspar and in the glass. The gas can be freed but imperfectly from 
the silicon fluorides by scrubbing with vitreous boric oxide. H. SchilT, and F . 8tolba 
made the gas by heating a mixture of potassium fluoborate, KBF 4 , with 15-20 
per cent, of fused and pulverized boron trioxide and cone, sulphuric acid. • 0. Ruff 
recommended heating a mixture of equal parts of boron trioxide and cryolite free 
from silica, with cone, sulphuric acid. 

H. Moissan found that boron trifluoride is formed when fluorine is treated with an 
excess of boron ; by the action of phosphorus trifluoride on boron ; by the action 
of silver fluoride on cold boron iodide ; and when fluorine acts on boron chloride ; 
A. $tard, by the action of hydrofluoric acid on barium perborate ; L. Ouvrajd, by 
heating potassium hydrofluoride, KHF 2 , and boric oxide, with metallic oxides ; and 
L. Mpeer and W. Eidmann, by heating boron nitride with sodium fluoride and sul- 
phuric acid ; ammonium sulphate and bojon fluoride are forifted. H. Giebelhausen 
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found that amorphous boron reacta with fuaed cadmium fluoride, forming cadmium 
and boron trifluoride. K. Berger made boron trifluoride from a mixture of lead 
fluoride, calcium boride, and alkali nitrate. 

Boron, trifluoride is a colourlesH gas, with a pungent, suffocating odour. It is 
stable ami non-combustible and a non-supporter of combustion. In moist air it 
gives dense white fumes. Its vapour density, determined by J. Davy, T. Thomson, 
and J. B. A. Dumas— 231 24—2*3709 — corresponds with the formula BF S . 
M. Faraday found that the gas is not liquefied when cooled by the- ordinary 
carbon dioxide bath, but that it forms a limpid, colourless, clear liquid, as mobile 
as hot ether, when cooled by carbon dioxide under an air pump. He found the 
approximate vapour pressures of the liquid are : 

“5- 2° -54*4° -57'R° -03*3° — 73 3 0 

Vap. pross. . . 11-54 10-00 9*23 7 50 4-(>l atm. 


According to H. Moissan, boron trifluoride solidifies to a white mass at —160°, and 
when the gas is purified from hydrogen fluoride by scrubbing with sodium fluoride, 
its boiling point is -101°, and its melting point -127°. R. W. Millar calculated 
the specific heat, C p> to be 1170 at 278° K., and 10 00 at 180° K. H. Hammcrl 
and M Berthelot gave 234‘8 Cals, for the heat of formation of fused BF» from 
amorphous boron. 

Berthelot found that the gas is not changed by the silent electric discharge, 
and H. Moissan found that the vol. of the gas remains constant after the passage of 
electric sparks, and that the walls of the glass containing vessel are not attacked. 
J. M. Hegum found that the sparking boron trifluoride furnishes a spectrum showing 
a blue line due to fluorine ; he also found that a mixture of hydrogen and boron 
trinuoride is decomposed by electric sparks. J. Davy found that water at ordinary 
temp, absorbs about 7 00 times its vol. of boron trifluoride to form a syrupy liquid 
According to J. L. Gay Lussac and L. I Thenard, water absorbs about the same vol* 
of boron trinuoride as of hydrogen chloride ; the absorption is rapid, and is attended 
by the evolution of heat According to H* Hammcrl, the win. of a mol of the gas 
!r 7 f* lKS U ; )1 C f H \ f Httaarot! said that water at 0° and 7fi2 mm. press. 

aZfm v /ZVa V0 ' 0 u U ' Ras - •/ Uilvv found th “‘ sulphuric acid absorbs 
about ,i0 vok of the gas. Boron trifluoridc should be collected over mercury 
According to J. Davy, equal vok of ammonia and boron trifluoride unite to form a 
whde solid which in a closed vessel can be sublimed unchanged. It is probably 
boron monammmo-tnfluonde, B(NH 3 )F 3 . W. G. Mixtcr made it by passing 
m " mt0 dnw J “'" 1 muni,i - and he gave 23 for the vapour density at 

fori inilf P T' I,! 1 ’ 8t 24 ' 6 ° and 765 ' 9 mm - P res8 - — theoretics 1 value 

! t I 1 V °, S 1 ? th « /wnpouent gases is 213. He also noticed that the 
vapour attacks glass. J. Davy found that it is decomposed by a trace of moisture 

LdtuHandT'n' 0!tyfl “°V , * r w and lx,r,a acid ' a,ld whcn dissolved in water J. J. Ber- 

and at 1 'i>'7 ph ?? , . 1 “ n * 1 a f ordinary temp,, but combination begins at -30° 

evolntinn'ftf o h , ItC ^ 18 obtam . ed ’ becomes yellow as the temp, rises, with 
Zed wlZ r a U T and ! vo1 - of hydrogen phosphide, the latter 
formed Th h f 0me rj re ' h >' d ™8 en ’. whl st *>m<: solid hydrogen phosphide is 
formed. The white solid is a boron hemiphosphinofluoiide, PH..2BF,, and is 
decomposed hy water with the evolution of hydrogen and hydrogen phosphide. 

. ZL"^ rn r‘ a .K d , M ' Cleaveland studied the f.p. 0 f binary mixtures of boron 
BF, (CJ^) a o\s h fo l rme h / ethCr ’ *" d meth - vl,chloride ' They found a compound 
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According to J. L. Gay Lussac and L‘ J.* Thenard, when potassium or sodium 
is heated with boron trifluoride, the metal is eovered with a black crust, and burns 
with a reddish flame ; water extracts potassium fluoride or tluoborate from the cold 
residue, and boron remains, 3K~F4BF ;l — 3KBF 4 -| B, or 3K-f2BF s KBF 4 
+2KF-f B. S. G. Rawson also studied the reaction with potassium. L. S. Thenard 
found that iron is without action on boron trifluoride art a red heat. J. Davy found 
Calcium oxide rapidly absorbs boron trifluoride especially if warmed, forming a 
fusible mass which gives off the original gas when treated with sulphuric acid : 
4Ca04-8BF 3 ~Ca(B0 2 ) 2 4-3Ca(BF 4 ) 2 . A. Baudriinont found that when passed 
over red lead a yellowish-brown gas is produced which smells of chlorine and burnt 
sugar; decolorizes indigo ; does not attack glass ; but unitvs with gold. • 
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§ 19. Hydrofluoboric and Boratofluoric Acids 

According to J. L. Lussac and L. J. Thenard, 1 when boron trifluoride is passed 
into a sufficiently large proportion of cold water, the absorption is rapid, and a 
colourless fuming syrupy liquid is produced. The boron fluoride is best passed 
through a tube dipping under mercury which is covered with water, for if the end 
of the tube dips directly into water, the rapid absorption of the gas would cause 
the liquid to regurgitate into the generating apparatus. J. Davy showed that 
water at ordinary temp absorbs 700 vols. of this gas. The soln. then has a sp. gr. 
1*770 ; it gives off unchanged about one-fifth of the absorbed boron fluoride ; and, 
after that, the b.p. rises much above 100°. The boric acid simultaneously fornfed 
in the reaction: 4BFg+3H 2 0==3HBF 4 -(-B(0H)3, is said to separate as metaboric 
acid. When the reaction occurs in the presence of an excess of water, H. Hammerl 
gives 98*04 Cals, for the thermal value. J. J. Berzdius'obtaincd a similar liquid 
by dissolving boric acid in cold cone, hydrofluoric acid, concentrating the soln. over 
a water-bath, boiling until it etolves white fumes, and allowing the product to remain 
over cone, sulphuric acid. The liquid thus obtained has a sp. gr. 1*586. F. C. Mathers 
and co-workers made an alcoholic soln. of fluoboric acid by adding about 35 grms. of 
boric acid, free from sodium, to 100 grms. of 48 per cent, hydrofluoric acid — the 
boric acid was added until a test portion gave no precipitate with lead nitrate. The 
cold soln. is mixed with an equal volume of alcohol. The liquid can be preserved 
in wax, rubber, lead, or paraffin bottles, and used as precipitant for sodium in the 
presence of potassium and magnesium. 
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According to J. J. Berzelius, the composition of the liquid obtained by the action 
of hydrofluoric acid on boric acid is in agreement with H 2 B 2 0 4 .6HF, and it is 
decomposed by an excess of water with the precipitation of boric acid and the 
formatioi\of un u<|. soln. of hydroborofluoric acid, FH.BF 3 . J. J. Berzelius regarded 
the acid liquor as a definite compound which may be called bor&tofluoric acid ; he 
stated that the uq. soln. of file acid distils unchanged; and that when neutralized 
with an alkali, it forms a series of boratofluorides, M 2 B 2 f ) 4 .6MF.H 2 0. These state- 
ments and assumptions are probably wrong. The evidence for the individuality of 
boratolluoric acid is not satisfactory ; for when distilled, the different fractions 
differ in sp. gr. ami in composition ; tin* re -crystallization of the salts gives first 
the alltali fluoride and then a mixture of alkali fluoride and alkali metaborate ; 
and the acid liquid with the silver nitrate gives a mixed precipitate of silver 
metaborate and oxide. A. Basaroff accordingly stated that the liquid is a mixture 
of metaboric, hydrofluoboric, and hydrofluoric acids. 

R. Abegg, (!. ,1. J, Fox, and W. llerz studied the reactions between boric acid and 
hydrofluoric acid, and between boric acid and potassium fluoride, but came to no 
definite conclusions. They measured the partition coeff. of boric acid between water 
and amyl alcohol, and 'between a soln. of potassium fluoride and amyl alcohol; the 
f.p. of soln of boric acid anti hydrofluoric acid and potassium fluoride ; the electrical 
conductivity of mixtures of soln. of boric and hydrofluoric acids; and they made 
some titration experiments on the mixed acids. The conductivity of cone, hydro- 
fluoric acid increased by the addition of boric at id, but with dil. soln. the conductivity 
is diminished. This means that boric acid combines with several mols of hydrofluoric 
acid, to form a complex acid which is highly ionized in cone. soln. The measurements 
are not independent of time, showing that the instantaneous reaction between the 
two acids, or between soln. of bori«* acid and potassium fluoride, is followed by 
another slower change. ' 

J. Thomsen measured the heat, Q ikU., evolved on mixing boric acid, B 2 0 3 aq., 
with n mols of hydrofluoric acid, and found for (B 2 0 3 aq wIIFaq.)- Q Cals. 

nHK ... 2 t 6 8 12 

Q t • . 0*132 18'GOO 27-408 29- 179 29130 

which shows that, some kind of exothermal reaction occurs between the hvdro- 

fluoboric acid and the excess of hydro- 
, fluoric acid. 0. Mulert represented 
I the thermal changes which occur on 
mixing boric oxide or boric acid with 
hydrofluoric acid by Fig. 31. There 
is a preliminary period ab where 
very little change occurs ; the temp, 
then suddenly rises, be, and instead 
of remaining constant, cd', the temp, 
continues to rise cd. The heat of 
Minutes solution of a mol of glassy boric acid 

Fw, 31.- -Thermal Changes on mixing Boric * n d'65 per Cent, hydrofluoric acid is 
Oxide or Boric Acid with Hjdrofluorie Acid, given as 29‘64 Cals. 



In addition to J. J. Berzelius acid, H.B.O..OHF, another acid HBO WF 
« said to be formed by the action of boro’n Jriiuor.de on a“' 

lt nf b +f ’ ^ a 1 ? Cm *' 1 1 ™* 8 ' V fl 0ai,sel hi “wf' that the alleged acid is a mixture 
of the products of the hydrolysis of boron trifluoride. 2BF.4-3H O — STJF-LTTRF 
F K. Landolph also reported H.B.O 3HF to bo folTi\d£ 
when boron trifluondo acts on amylene. The acid is fuurl ts, ’ j . , ’ 

decomposed by water These results have not been eonfl™rf ' " 1 

(N.o/bF^F U 4H P 0 P o^b^on»i , regardKl “ sodium boratoffuorMt, 

^aU} t .BJ<.2NalMH l O, or F.B . (0Na),.2NaF.4H,0, by evaporating a soln. of a mol of 

, ^ U **M ne i a . bor * t » ftnd 3 . ™ ola of aodmin fluondo in boiling water. A. Basaroff stated that 
the product is really a mixture not a chemical individual -vid, supra. J. J. Berzelius also 
reported two other sodiom boratofluorides, one, Na l 0.2B 1 0,.12NoF.22H,0, obtained from 
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a mol of borax and 6 mola of sodium fluoride ; and the oAier, (NuO)(llO| BF.2 NhF, obtained 
from a cooling soln. of a mol of boric acid and 3 mols of sodium fluoride in boiling water. 
J. J. Berzelius also made potassium boratofluoride in a similar manner to that which he 
employed in making the sodium salts. A. Basaroff believed these products to bo only 
mixtures. H. Schiff prepared two potassium boratotluorulcs whose composition can lie 
represented by B,(OK),OF„ and B(OK) t F ; or • 


F 

OK 


> B0B <Sk 


F B< 


OK 

OK 


The former was made by fusing 7 parts of boron trioxide with 12 parts of potassium chloride, 
and extracting the matter soluble in alcohol from the cold cake ; the lutter was made by 
fusing the former in tho calculated quantity of potassium carbonate. Both compounds 
dissolve in u small portion of water without decomposition, but with more water they are 
decomposed. J. J. Berzelius made ammonium boratofluoride, 2NH 4 K.B l O a .011K, i.r. 
2NH 4 BF 4 .3H,0, by heating a mol of hone oxide with eight mols of ammonium miondo : 
B,Oj-f 8NH 4 F = 2NH 4 F.B t 0 3 .6HF-f 6NH 3 . 05. I. tetrenko also mado an ammonium 

boratofluoride, (NHJHBjFjOj, or (NH 4 0)FB.0.BF(0H), by the action of hydrogen per- 
oxide on a mixture of ammonium metaborato and lluoperborato. F. H. Landolph prepared 
what he regarded as ethylene oxyfluoborate, C t H 4 .HFBO a , by tho action of boric fluoride 
on ethylene in sunlight at 25° 30°. The clear mobile fuming liquid 1ms a sp. gr. 1 0478 at 
23° ; b.p. 124° 125° ; burns with a green flame ; and is decomposed by water, forming boric 
acid and a volatile boron compound, b.p. 10°-16°, supposed to be an ethyl fluoride. 

Tho liquid prepared by dissolving boron trilluoride in water until the. soln. lias 
an acid reaction is said to contain hydrofiuoboric acid, HBF 4 , which furnishes a 
series of well-defined salts, the fluoborates, also called borojluoridrs. M. Berthelot 
estimated the heat of formation of hydrofiuoboric acid, HBF 4 , to he (B, IF, H)aq. 

-307 0 Cals. The ions of hydrofiuoboric acid are H and BF 4 ' ; a little of the latter 
possibly dissociates F' ; and the boron trittuoride is partly hydrolyzed 

to hydrofluoric and boric acids, BF 3 { 3ll20--B(OH) 3 43HF. A dil. soln. of hydro- 
fiuoboric acid does not attack glass, but a cone. soln. does. The acid is poisonous. 
1. Homeyer said that a (•■1-0*5 per cent. soln. of the acid or of its salts retards 
fermentation. F. Stolba also noted tho feeble antiseptic qualities of the ammonium 
salt, q.v. 

F. H. Landolph claimed to have made a more complex acid hydrohexafluoboric 
acid, H 3 BF fl , or BF 3 . 31IF, as a heavy transparent liquid during the action of boron 
trifiuoride on anethol. The acid is said to he easily isolated, to distil at ubout 
130°, without exhibiting a constant b.p. ; and to have a vapour density 4'72 calcu- 
lated 142. It rapidly decomposes when exposed to moist air, forming boric aud 
hydrofluoric acids. This result has not been confirmed. 
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§ 20. The Fluoborates 

It is generally stated that J. J. Berzelius 1 discovered hydrofiuoboric acid and the 
fluoborates in 1824, but, as a matter of fact, J. L. Gay Lussac and L. j. Thcnard 
prepared a series of compounds by tHb action of a sola, of boron trifluoride in water 
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on fa, iimm bam salifiMes ; and their term fa (jazjlmhrv/uioT boron trifluoride 
wai probably based on the recognition ol this fact. They called the win. . o i the gas 
in wntnr U HmJtnrimte. and noted -et.nn on non. Thev added : 


II mt pcobablo qu'il existw de* fluoborates de barite, de strontiane, de chaux, de potasse, de 
soude, de matfruWe, do glurino, d’alumine, d’yttria, de zircone et de sihce, et des fluo-borates 
inUtalliquen ; et que tons cos sols sont autant de sels triples. On parviendroit probablement 
A faire tons ces sols, on fondant ensemble des fluates et des borates de la m6me base : et ll 
ost aussi tros probable qu’en traitant les fluo-borates par de l’acide sulfurique concents, 
on obtiendroit faoilenieut de I’acide fluo-borique. 


J. J. Berzelius prepared the salts of hydrofluoboric acid, HBF 4 , by the action 
of borqn trifluoride on the metal fluoride ; by dissolving the metal oxide, hydroxide 
or carbonate in a soln. of hydrofluoborie acid ; by the action of hydrofluoboric 
acid on metal fluorides ; by the. joint action of a metal fluoride and hydrofluoric 
acid on boric acid ; and by the action of a metal hydrofluoride on boric acid. As 
{minted out by W. (!. Zeisc, the last process presents the curious phenomenon of a 
mixture of two acid liquids producing an alkaline soln. ; H 3 B0 3 -j-2NaHF2 
-NaBF 4 f-NaOH | 21L0. Gebriider Siemens made the alkali fluoborates by 
mixing boric acid and. the alkali chloride into a thin paste with water, and adding 
hydrofluoric acid. The fluoborates are usually crystalline ; readily soluble in water ; 
lose boron trifluoride and form fluorides when calcined ; and, when distilled with 
sulphuric acid, they yield gaseous boron trifluoride, liquid hydrofluoboric and 
hydrofluoric acids, and a residual metal sulphate. Most of our knowledge of the 
fluoborates is still in the state left by J. J. Berzelius’ memoir : Vntersuchungen uber 
die Finns# path sau rc und deren merkivurdigsten Verbindungen. 

J. J. Berzelius made lithium fluoborate, possibly LiF.BF 8 or LiBF 4 : by treating 
barium fluoborate with lithium sulphate, and crystallizing the clear liquid by slow 
evaporation at 40°. The prismatic erystals deliquesce in air ; and taste like the 
sodium suit. The aq. soln. furnishes rhombic crystals. He also found sodium fluoride 
unites with hydrofluoborie acid, and the soln., when slowly cooled, furnishes “ trans- 
parent, rectangular, four-sided prisms, often shortened and approaching the cubical 
form,” presumably sodium fluoborate. NaBF 4) since they contain no water of 
crystallization. F. Stolha also made this salt. S. Motvlewsky found the drop- 
weight of the molten salt to be 119 when that of water is 100 mgrms. at 0°. 
According to J. J. Berzelius, sodium fluoborate has a bitter acid taste, and it 
reddens litmus. The salt is slowly decomposed by heat : NaBF 4 — NaF-|~BF 3 , and 
it fuses below a red heat. It is more soluble in water than sodium hydrofluoride, 
but is only sparingly soluble in alcohol. F. C. Mathers and co-workers use an 
alcoholic soln. of hydrofluoboric acid for precipitating sodium fluoborate in the 
presence of potassium and magnesium salts J. 0. Perrinc observed no ultra-violet 
fluorescence with this salt. 

J. J, Berzelius made potassium fluoborate, KBF 4 , as a gelatinous precipitate 
by mixing hydrofluoboric acid with a soln. of a potassium salt. When washed and 
dried, it forms a gritty white powder. He also made the salt by dissolving a mol 
eat^i of potassium hydrocarbonate and boric acid in an excess of hydrofluoric acid, 
and evaporating the soln. for crystallization. 0. Montemartini used a somewhat 
similar process but with potassium carbonate. F. Stolba heated boric acid with 
potaasiuip silicofluoride, twid added potassium carbonate to the mixture ; he also 
warmed it mixture of 106 grins, of powdered fluorspar, 62 grms. of boric acid, 420 c.c. 
of hydrofluoric acid, for 2-3 hrs. in a flask with a reflux condenser, then diluted the 
mixture with half its vol. of water, and mixed the filtrate with a warm sat. soln. 
of potassium chloride or nitrate. The crystalline precipitate was washed with water, 
pressed, and recrystallized from a hot soln. of ammonia. 

According to J. J. Berzelius, the salt has a feeble somewhat bitter taste, and is not 
at all acid to litmus. It crystallizes from its aq. soln. in “ small shining, anhydrous, 
.six-sided prisms with dihedral summits.” According to 0. Montemartini, the Balt is 
dimorphous for the grjtty powder indicated above, contains minute octahedra and 
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dodecahedra belonging to the cubic system, and the* crystals obtained by evaporat- 
ing an aq. soln. of the salt belong to the rhombic system, and have axial ratios 
a:b: c— 2*7898 : 1 : 1'2830. According to F. Zambonini, and T. V. Barker, potas- 
sium fluoborate and perchlorate are isomorphous. The former found a slight 
miscibility of up to 0*4 per cent, of potassium permanganate with the fkioborato. 
F. Stolba gave 2*498—2*524 for the sp. gr. at 20°. S. Motylewsky found the drop- 
weight of the molten salt is 103 when that of water at 0°*is 100 mgrms. According to 
J. J. Berzelius, the undried crystals decrepitate when heated and give oil some water 
and hydrofluoboric acid ; according to F. Stolba, the wet crystals colour Bunsen’s 
flame green, green and violet, and finally violet. J. J. Berzelius found that the dry 
salt is decomposed by heat into boron trifluoride, potassium fluoride, etc., as indicated 
above ; a high temp, is required for decomposition. When heated rapidly, file salt 
fuses just below a red-heat— -say, 500°. J. J. Berzelius found 100 parts of cold water 
dissolve 1*42 parts of the salt, while F. Stolba said 100 parts of water at 20° dissolve 
0*448 part of the salt, and at 100°, 6*27 parts. The aq. soln. is at first neutral to 
litmus, but on standing, or on dilution, or heating, it becomes acid without attacking 
glass ; F. Stolba said that in aq. soln. the salt is decomposed into potassium fluoride, 
hydrofluoboric acid, and hydroxyfluoboric acid, and that thege components re-form 
potassium fluoborate when the soln. is evaporated. According to J. J. Berzelius, 
the salt is not decomposed by aq. soln. of ammonia, or of sodium or potassium 
hydroxide, or carbonate, and it is no more soluble in these soln. than it is in water. 
It. Rose found the salt to be more soluble in a soln. of ammonium chloride than 
it is in water, and A. Stromeyer said that it is not soluble in a 20 per cent. soln. of 
potassium acetate. H. Rose said that the salt is not soluble in cold alcohol, but, 
added J. J. Berzelius, it is a little soluble in hot alcohol and crystals are deposited 
when the soln. cools. When fused with alkali carbonates, A. Stromeyer, and 
J. 0. G. dc Marignac found that the fluoborate is decomposed into alkali fluoride and 
borate ; and F. Stolba based a volumetric process for the determination of soda on 
this reaction. J. J. Berzelius found that the salt is decomposed by sulphuric acid ; 
and F. Stolba by hydrofluosilicic acid, and by a mixture of silicic and hydrochloric 
acids. 

F. Godeffroy prepared rubidium fluoborate, RbBF 4 , and caesium fluoborate, 

CsBF 4 , in a similar manner to the preceding salt. F. Zambonini made the rubidium 
salt by adding rubidium carbonate to a soln. of boric acid in 3;> per cent, hydro- 
fluoric acid. The gelatinous mass, when washed and dried, forms a crystalline 
powder. Good crystals are obtained by the slow evaporation of the .mother liquid 
from the gelatinous mass. F. Zambonini found that the rubidium salt is isomorphous 
with the rhombic form of the potassium salt, and that it has the axial ratios a:bic 
4)* 8067 : 1 : 1*2048 ; the sp. gr. of the rubidium salt is 2*820. F. Godeflroy found 
that 100 c.c. of water at 20° and 100° dissolve respectively 0*T)5 and 1*0 parts of the 
rubidium salt, and 0*02 and 0*04 part of the ciesium salt. 

J. J. Berzelius obtained ammonium fluoborate, NH 4 BF t , by evaporating a soln. 
of his preparation of the oxy fluoborate. The product is sublimed to free it from boric, 
acid. F. Stolba obtained the salt by sublimation from a mixture of boric acid a*jd 
ammonium fluosilicate, and also by adding aq. ammonia to a sat. soln. of boric acid 
in hydrofluoric acid until the solution is alkaline ; the liquid was then boiled, filtered, 
and cooled. The product was purified by crystallizatiyn f^om its aq. soln. a number 
of times. The salt tastes like ammonium chloride, The sublimate is white and 
pulverulent, but that deposited on the hotter parts may be fused and transparent. 
The crystals obtained from the aq. soln., said J. J. Berzelius, form i small six-sided 
prisms with dihedral summits/’ F. Stolba gave 1*851 for the sp. gr. at 17 5 . 
According to F. Stolba, the salt volatilizes from a platinum dish without leaving a 
residue ; and it colours Bunsen’s flame green, but the soln. in aq. alcohol burns 
with flame which is not green. In 1808, J. L. Gay Lussac and L, J. fh^nard before 
•I. J. Berzelius prepared ammonium fluoborate, and noted that it could sublime. 
F. Stolba found that 100 parts of watef at 16° and 100° dissolve respectively 25 and 
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9,VJ8 parts of the salt. J. J. Berzelius said that the salt also dissolves freely in 
alcohol. The aq. soln. reddens litmus, and, added F Stolba, the soln. is feebly 
acid when freshly prepared ; and turmeric paper, dipped in the soln. and moistened 
with hydrochloric acid, gives a boron stain when dried. The aq soln. does not 
attack glass, and behaves like the soln. of the potassium salt. The salt is not 
changed by recrystallization from aq. ammonia. 

By mixing soln. of cupric sulphate and barium fluoborate, and evaporating 
the filtrate, ,Y. J. Berzelius obtained pale blue deliquescent needles, presumably of 
cupric fluoborate, Cu(BK 4 ) 2 . Do also prepared calcium fluoborate, presumably 
Ca(BK 4 )o./dIo(), as a gelatinous precipitate by dissolving calcium fluoride in hydro- 
fluoboric acid ; he also made it by spontaneously evaporating an acid soln. of 
caleiufh carbonate! in the same acid. r JMie salt tastes acid, and reddens litmus. 
Water, especially hot water, decomposes the salt, dissolving out an acidic salt, and 
leaving behind a basic salt containing an excess of calcium fluoride. J. J. Berzelius 
prepared dihydrated barium fluoborate, Ba(BF 4 ) 2 .2H 2 0, by adding barium carbonate 
to an aq. soln. of hydrofluoric acid so long as it is dissolved ; if too much barium 
carbonate is added, barium fluoride is formed and boric acid set free. On evapora- 
tion, any ext ess of boric acid crystallizes out first, and from the syrupy soln., barium 
fluoborate separates in “long rectangular four-sided prisms and needles, often with 
step-like depressions.” The salt tastes like other barium salts, but not acid, 
although it reddens litmus. The salt loses its water of crystallization at 40°, and 
effloresces on t he surface. When heated the salt first loses hydrofluoboric acid, then 
boron tiifluoride, and leaves barium fluoride as a residue. The salt deliquesces in a 
moist atm., and is readily soluble in water. Alcohol decomposes it into an acid salt 
which dissolves, and a pulverulent basic salt which remains undissolved. 

,1. ,). Berzelius prepared magnesium fluoborate, Mg(BF 4 ) 2 , in large prisms with 
a bitter taste, and readily soluble in water ; and zinc fluoborate, Zn(BF 4 ) 2> by dis- 
solving zinc in an aq. soln. of hydrofluoboric acid until no more hydrogen was evolved. 
The soln. on evaporation furnishes a syrupy liquid which solidifies to a white deli- 
quescent mass. J. L. Gay Lussac and L. J. Thenard also dissolved zinc in hydro- 
fluoboric acid 16 years earlier than .T. J. Berzelius. The last-named prepared 
hydrated aluminium fluoborate, possibly, A1(BF 4 ) 3 .??H 2 0, or A1F 3 .3BF 3 .wH 2 0, by 
the slow evaporation of a soln. of aluminium hydroxide in hydrofluoboric acid. 
'|'ho product is*, soluble only in acidulated water. When soln. of aluminium chloride 
and sodium fluoborate are mixed, a basic compound separates, and the liquid con- 
tains free acid which retains a portion of the precipitate in soln. The product 
. fuses at a red heat giving oil water, and hydrofluoboric acid, and leaving aluminium - 
borate as a residue. In a similar manner, J. J. Berzelius also made what was 
regarded as yttrium fluoborate, which if Y he the symbol for the mixture then 
thought to be yttrium, could be, symbolized Y(BF 4 ) 3 .wH 2 () ; he said that the salt 
is soluble only in water containing an excess of acid, and the soln. on evaporation 
furnishes crystals of the salt. He also prepared cobalt fluoborate, Co(BF 4 ) 2 , as a 
white powder ; anil lead fluoborate, Pb(BF 4 ) 2 . The last-named salt is made by 
aijding lead carbonate, in small portions at a time, to hydrofluoboric acid, until a 
precipitate is formed. When the soln. is evaporated to a syrup, and cooled, it 
deposits long needles, but if slowly evaporated, “four-sided prisms or tables” are 
obtained. The taste at.fir.st appears sweet and astringent, but this is followed by a 
sensation of sourness. *F. Fischer and K. Thiele obtained the salt in acicular 
crystals, but could not free the salt from tbe mother liquid on account of its 
extreme tendency to deliquesce. It is hydrolyzed by water to a soluble acid salt, 
and an insoluble basic salt. J. J. Berzelius added that if the salt is boiled for a 
long time with water or alcohol, this compound is resolved into an acid salt which 
dissolves, and a basic salt which remains undissolved as a white powder. An easily 
fusible basic compound was also said to be formed by beating lead with lead oxide. 
A. Miolati and G. Rossi made cobaltic hexamminofluoborate, or luteoccbaltic 
^uo^Ofo^e ) , [Co(NH3)fl]F 8 .3BF 3 .HF, by adding a soln. of luteoeobaltic carbonate to 
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a soln. of boric acid in hydrofluoric acid. It can be recrystallized from dil. hydro- 
fluoric acid ; and it is stable at 1 10°-120°. 

A series of complex fluoperborates has been obtained by 0. 1. Petrenko,- and 
P. G. Melikoff and S. Lordkipanidze by the action of hydrogen peroxide on Huo- 
borates, but fluoperborie acid has not been prepared. P. G. Melikoff and'S. Lordki- 
panidze obtained potassium fluoperborate, K 4 B 4 F 4 () lf .HoO, bv treating an aq. soln. 
of potassium fluoborate, 2KF.B 2 0 3 , with a slightly alkaline soln. of hydrogen per- 
oxide, separates on the addition of alcohol as a viscous mass which becomes crystal- 
line on stirring ; the substance is redissolved in water and the process repeated, 
the salt being finally obtained in rhombic prisms. The following constitution, 
OK.BF.O.O.BF.O.OK : 0K.0.BF.0.0.BJ^\0.0K,H 2 0, is assigned to the compound. 
The aq. soln. has an alkaline reaction and slowly evolves oxygen at the ordinary 
temp., this decomposition being accelerated by warming ; the silver salt is produced 
as a yellow precipitate by adding silver nitrate to the soln. ; it is unstable, and 
blackens owing to the separation of metallic silver, oxygen being simultaneously 
evolved. The dry potassium salt is moderately stable ; dil. sulphuric acid liberates 
hydrogen peroxide, whilst the eonc. acid evolves ozonized oxygen. This salt 
may also be obtained by the action of hydrogen peroxide on potassium oxy- 
fluoborate, BF(OK).,. P. G. Melikoff and co-worker also precipitated the tluoborate, 
K 2 B 2 F 2 0 tt .H 2 0, oi 0 2 (BF.0.0K). 2 .W 2 0, by adding alcohol to the hydrogen 
peroxide soln. G. I. Petrenko also prepared the same salt. J\ G Melikoff and 
S. Lordkipanidze, and G. I. Petrenko obtained ammonium fluoperborate, 
(NH 4 ) 2 B 2 F 2 0 fl .3H 2 0, by adding hydrogen peroxide, ammonia, and alcohol to a 
soln. of boric acid and ammonium fluoride. The white crystalline powder is 
moderately stable. The aq. soln. decomposes slowly at ordinary temp., and 
rapidly on warming. Ammonium peroxide acts as a base towards perborio acid ; 
and the two unite, forming a salt-like compound. 
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§ 21. Boron Trichloride 

J. Davy 1 observed that boron burns in chlorine gas, but he did not investigate 
the products of the combustion ; J. J. Berzelius showed that boron trichloride, 
BClj, is formed when amorphous boron is warmed in chlorine gas. Dry amorphous 
boron ignites spontaneously in the gas, but boron which has been preheated has a 
higher temp, oi ignition. H. Moissan gave 410“ (or the temp, of ignition. J. J. Ber- 
zebus’ analyses were confirmed by G. Oddo and M. Tealdi, and by F. Wfihler and 
H. St. C. Deville. The last-named investigators first liquefied the gas. Jj. Gatter- 
mann recommended heating amorphous boron to dull redness in a stream of dried 
VOL. v. i K 
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hydror n in order to get rid of moisture ; the hydrogen is then replaced by chlorine. 
The temp. should be so regulated that the glass is attacked as little as possible. The 
condensing apparatus must be well cooled with a freezing mixture since boron tri- 
chloride boils at a comparatively low temp., 13°. A. Stock and 0. Priess condensed 
the crude chloride at -80°. It is shaken with mercury, or powdered silver to remove 
free chlorine ; and it is redistilled in a fractionating column to get rid of hydrogen 
chloride and silicon chloride. The latter is produced by the joint action of boron 
and chlorine on the glass. A. Stock and 0. Priess recommended distillation in a 
high vacuum from a bath at 78°. The early fractions, condensed by liquid air, 
contained hydrogen chloride, which influenced the vap. press, at 0° far more than 
the m.p., whilst the silicon chloride collected in the end fractions. A. Stock and 
E. Kuss discussed the purification of boron trichloride for at. wt. determinations. 
Modifications of this process have been described by F. Wohler and H. St. C. De- 
villc, II. Schnitlzer, E. Podszus, H. Gautier, G. M. Despretz, and H. C. C. Maisch. 
Boron trichloride was made by F. Wohler and II. St. 0. Deville by the action of 
hydrogen chloride on boron, but a high temp, is required and much silicon chloride 
is formed. They also made boron trichloride by heating boron with silver, mercury 
or lead chloride. P. (•!. Ohabrie made boron trichloride by the action of carbon 
tetrachloride on boron at 20U o -250 o ; 3CCI 4 -F4B~4BCl 3 -f-3C. C. Mazzetti and 
K. de Garli obtained almost quantitative yields by passing dry chlorine through a 
porcelain tube, containing ferro-boron at 500° - vide silicon tetrachloride. 

J. B. A, Dumas made boron trichloride by the action of chlorine on an intimate 
mixture of carbon and boric oxide at a high temp. : B 2 0 3 -f 3Cl 2 +3C=3CO-f 2BC1«. 

G. Gustavson obtained boron trichloride by heating in a sealed tube a mixture of 
boric oxide, with an excess of phosphorus pentaehloride for 3-4 days at 150° : 

(i P( f 5 B 2 0 3 =10 BC1 3 3 1*205 1 no phosphoryl chloride is formed : he also found 
that if phosphorus trichlorodibromide be employed in place of phosphorus penta- 
ehloride, boron trichloride and free bromine are formed —virtually no boron tri- 
bromide is produced. II. Moissan found that boron trichloride is produced when 
boron sulphide, B 3 S 3 , is treated with chlorine, or with hydrogen chloride at 400°. 
II. Moissan and P. Williams obtained boron trichloride by treating calcium boride 
with chlorine. J. larible noted the formation of boron trichloride when arsenic 
trichloride acts on boron tribromide ; and 0. Councler, when boron oxytrichloride is 
heated: 3B0C1 3 — B 2 () 3 f3CI 2 -f BCI 3 . Boron chloro-hyd rides have been described 
m connection with boron hydride. 

Boron trichloride is a colourless gas which can be condensed to a colourless mobile 
liquid. Both gas and liquid form dense clouds in air. F. Wohler and H. St. G. De- 
ville gave 1-35 for the specific gravity of the liquid at 17*5° ; A. Ghira gave 1*43386 
at 074°, and the latter gave 81*1)4 for the mol. vol. F. Wohler gave 17° for the 
«P°int of the liquid ; H. V. Regnault gave 18*23° at 760 mm. ; P. Walden, 
18 - *-48*8" at 767 mm. ; and A. Stock and 0. Priess, 13° at 764 mm. The last 
value is probably the best representative one. A. Stock and 0. Prieps’ value for 
the vapour density of the gas is 58*43 (Ho ,2) ; ami F. Wohler and H. St. C. DeviUe’s 
value 3dL-4 065. I he vapour pressure of the liquid was measured by H. V. Reg- 
nault. T. Tate, and A. Stock and (3. Priess. The last-named gave for the vap. press., 
p s m mm. of mercurv : 

: “ 80 * ;’ MV 1 ■ 40 ° -20° -10° 0° 5° 10° 12-4° 

p ‘ * 4 18 07 197 314 477 579 096 763 

* The extrapolated value for the b.p. at 760 mm. is 12*5°. H. V. Regnault gave for 

p mm., e 6 

-20° -10° 0° 10° 20° SO® 40° 00° 80° 

p . . 169*46 250*54 381*32 662*94 807*50 1127*50 1636*25 2668*62 4248*28 

H, .V. Regnault represented his measurements at $° by the formula log p 
j=4*8159398--2 , 7690345a‘-}-00120096& < . when log 0=1*9965575, and log b 
=1 9770709, and <=P-f-27 ; below 0° the last term may be omitted. C. Antoine 
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•epresented the vap. press, of boron trichloride by log p=0 > 9290(7 < 1268-KKK)/<), 
where f=0 o -fl3O o . A. Stock and 0. Priess gave —107° for the melting point. The 
keat of formation from amorphous boron, as given by M. Bert helot, is 89*1 ('a Is. 
for the gas, and 93*4 for the liquid. This makes the mol. heat of vaporization 4*3 
Cals. L. Troost and P. Hautefeuille gave 104 Cals, for the heat of formation of the 
gas, and for the heat of solution of the gas in 100 tiipes its weight of water, 7 2 
Cals, per gram, or 79*2 Cals, per eq. According to P. Walden, the electrical con- 
luctivity of the liquid is virtually nil, and it shows no tendency to ionize binary 
salts and strong acids at 0°. 

Bv subjecting a mixture of boron trichloride and hydrogen at ordinary temp, 
to the silent electric discharge, H. V. A. Briscoe found that a pale yellow transparent 
substance is produced with a smaller atolhic ratio than B : Cl=l : 3 — possibly Won 
subchloride. It is rapidly decomposed by water with the evolution of hydrogen and 
the formation of a soln. with reducing properties. According to C. A. A. Michaelis 
and P. Becker, if a mixture of boron trichloride and oxygen is exposed to the silent 
electric discharge in an ozone tube, very little boric oxide is formed, but if the 
mixture be sparked, a vigorous action occurs : 4B01 3 | 30 2 ==2B 2 (Vf GGL ; ozone 
does not attack the gas. C. A. A. Michaelis and P. Becker dyl not detect any signs 
of the formation of an oxychloride in their study of the action of oxygen and of ozone 
on boron trichloride. Gaseous and liquid boron trichloride react with water, 
forming hydrochloric and boric acids. The reaction has been studied by F. Wohler 
and H. St. 0. Deville, and J. von Liebig. J. B. A. Dumas said that if a small 
proportion of water be used a solid hydrate is formed, and this, when heated in a 
stream of hydrogen, furnishes hydrochloric and boric acids. According to 11. Mois* 
san, when fluorine is passed into boron trichloride, each bubble of fluorine forms 
boron trifluoride. Boron trichloride reacts with hydrogen iodide at a high temp., 
forming boron iodide. A. Stock and 0. Priess say that chlorine has no perceptible 
action on boron trichlorido even at —80°. G. Gustavson said that sulphur does 
not act on the gas at 250°. According to A. Stock and 0. Poppenbcrg, hydrogen 
sulphide forms boron sulphide at a red heat. G. Gustavson found that when a 
mixture of boron trichloride with sulphur trioxide is heated in a sealed tube at 
150°, a reaction, probably 2BC1 3 +3S0 3 -3S0 2 C1 2 +B 2 0 3 occurs. H. Moissan found 
that sulphur tetrachloride, SC1 4 , gives a liquid double chloride which freezes 

at —33°. , .. 

W. Jcvons found that with the so-called active form of nitrogen, boron tri- 
chloride forms a white amorphous solid containing both nitrogen and boron, the 
reaction is accompanied by a pale bluish-green glow quite different from the green 
colour of the flame tinted with boric acid. According to J. J. Berzelius, one vnl. 
of boron trichloride unites with IS vol. of ammonia producing a white substance 
boron sesquiamminochloride, 2BC1 3 .3NH 3 . 0. A. Martius prepared this compound 
by passing dry ammonia into cooled liquid boron trichloride. The compound 
does not fume in air ; it is rather less volatile than ammonium chloride, and 
sublimes undecomposed. It is decomposed by water, forming hydrochloric acid, 
and ammonium chloride and borate. When mixed with ammonia, and passed through 
a hot tube, it forms spontaneously inflammable boron nitride. A. Besson stated that 
ammonia displaces the hydrogen phosphide from boron phosphinochlonde at 8 , 
and yields boron heminnuoamminochlorido, 2BCl 3 .9NH^, which alters but slowly 
when exposed to air, and does not lose ammonia below 50°, but is immediately 
decomposed bv water with the production of a slightly alkaline soln. According 
A. Joannis, fciie variable results obtained by the action of ammonia on boron ri- 
chloride are due to the complexity of the reaction; additive compounds arc not 
formed, but rather mixtures of ammonium chloride. Thus, with boron Iwxammino- 
chIoride,BCl s .6NH 3 =B(NH 2 )3+3NH4Cl; and 2 B(NH 2 ) 3 -B 2 (NH) a -f 3NH S . The 
ammonium chloride can be washed out with liquid ammonia— silicon i nexam- 
mino-tetrachloride and zirconium octammino-tetraiodide. A. Joannis q4ded that 
when a current of hydrogen carrying tlie vapour of boron chloride is passed through 
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liquid ammonia at -70° to -SO 0 , and the temp, raised to volatilize the excess of 
ammonia, a nwl of boron chloride fixes 15 mols of ammonia, and when the temp, 
is rami to 0°, V mols of ammonia are expelled, and the vap. press, is the same as that 
of N H 4 ( !l .3N H 3 . During this reaction no nitrogen or hydrogen is evolved , and from 
the increase in weight, and the action of water, whereby boric acid is formed, it is in- 
ferred that three amido-groups united to boron are produced from the three ammonia 
groups, so that the reaction at —23° is BCl3-bl5NH3~B(NH2)34'3(NH 4 C1.3NH3) ; 
and at 0°, BCI s -b6NH 3 — B(NH 2 ) 3 . The horumide, B(NH 2 ) 3 , cannot be 
separated completely from the ammonium chloride, although the latter is more 
soluble in liquid ammonia. When the boramide is heated to 440°, it loses T5 mols 
of unmionia and is slowly converted into borimide, B 2 (NH) 3 , by a reaction : 
2B(NH 2 )3 -3NH34 B 2 (NH) :j . This reaction begins at ordinary temp. Borimide 
can be readily separated from ammonium chloride by washing out the latter with 
liquid ammonia. A. Stock and M. Blix prepared white pulverulent borimide tri- 
hydrochioride, B 2 (NH) 3 .3HG1, by allowing borimide to react with hydrogen chloride. 

It is decomposed bv water, and is insoluble in the usual organic solvents. 

Boron trichloride has a marked tendency to form complexes. According to 
A. Geuther, when boryn trichloride is treated witli nitrogen tetroxide an energetic 
action takes place, a solid substance being deposited in the liquid, while yellow crystals 
condense on the sides of the flask. When distilled after standing two days, volatile 
yellow crystals condense in the receiver, and the brownish-red vapour of these 
crystals fume on coming in contact with the air. A liquid which appears to be a 
soln. of the crystals in boron trichloride also passes over. The crystals have a 
composition corresponding with boron nitrosylchloride, BC1 3 .N0C1. The reaction is 
probably ItfBCIg f 6N. i >0 4 “2B 2 03 T'12(BCl3.N0Cl)-f-30 2 . The compound forms 
« rhombic octahedrons or prisms which dissolve in water with a hissing sound, boric 
acid, nitric acid, and chlorine being produced. At 23°-24° the crystals melt, form- 
ing two layers of fluid, the upper of which appears to consist of boron trichloride 
containing a small portion of the original substance, while the lower probably 
consists of the fused substance together with a small portion of nitrosyl chloride. 
On cooling, the two layers reunite with more or less rapidity, according to 
circumstances, reproducing the original substance. r 

A. Besson fyund that phosphine combines with boron chloride with development 
of heat, and yields white boron phosphinochloride, BC1 3 .PH 3 , which alters rapidly 
when exposed to air, and is immediately decomposed by water with liberation of 
hydrogen phosphide. It begins to dissociate at 20° under the ordinary press., and 
if the products of dissociation be slowly cooled, the compound is obtained in bulky, 
colourless, highly refractive crystals. G . Gustavson said that when boron trichloride 
is heated with phosphorus pentoxide in a sealed tube, a crystalline complex boron 
phosphoryl chloride, 1>0G1 3 .BC1 3 , is formed; P 2 0 8 +2BCl 3 =PB0 4 +P0C] 8 .BCl a ; 
and that with phosphoryl chloride a similar product is obtained, but G. Oddo and 
M. Tealdi denied the formation of a crystalline compound under these conditions. 

H. Sc h iff noted that boron trichloride, reacts with alcohol, forming ethyl borate, 
and C. ( ouncler studied its action on different alcohols, G. Gustavson said that 
boron trichloride readily reacts with organic compounds containing OH- or NH*- 

a S, ltideal studied its action on aniline ; C. A. Martius, with hydrogen 
e, and with cyanogen chloride ; G. Gustavson, with carbon tetrabromide ; 
and with potassium cyanide ; A. Gautier, with ethyl cyanide. E. Frank- 
land found boron trichloride converts zinc ethyl into boron ethyl, B(CoH R )<» 

C. A. A. Michaelis and P. Becker, F. J. Schumacher, W. Dilthey, and A. Rosenheim 
and co-workers made boro-orgamc compounds. Boron trichloride reacts so energeti- 
cally with fat that A. Stock and 0. Priess devised a special valve to avoid the 
use of greased taps. 


* Fig 4 3 h, are . 80l j d resting by three feet on the enlargement in the 

tubes, and ground at the top to fit into the ground constriction. C and D connect the other 
pieces of apparatus. The bulb E contains clean mercury. When A and B have fallen, 
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C communicates with D. By raising the mercury in F, the floats am forced into const ric 
tions, to make, with a thm film of mercury, a gas-tight seal. The floats are made to fall 
again by evacuating E and opening the tap G. 

According to G. Gustavson, boron trichloride can be distilled from sodiurp without 
alteration, but at 150°, some boron is formed; A.C. Vournasos found the boron halides 
are reduced with difficulty by potassium, Sodium bmalgam is 
covered with a film of boron after being in contact with boron 
trifluoride* for a day ; zinc dust does not react at 200°, but mag- 
nesium was found by F. Jones and R. L. Taylor to furnish mag- 
nesium boride : 6Mg-f-2BCl 3 — 3MgCl 2 -f Mg 3 B 2 , and iron reduced 
in hydrogen was also found by H. Moissan to form iron boride. 

N. Parravano and C. Mazzetti found botli nickel and iron form 
borides when heated in an atm. of boron trichloride. A. Stock 
and 0. Priess said that boron trichloride does not attack hot 
mercury. L. Troost and P. Hautefeuille found that boron tri- 
chloride reacts with silica at a high temp., forming boric oxide 
and silicon tetrachloride ; and that titanic oxide, Ti(L, and VhJvj< 

zirconia, Zr0 2 , act in an analogous manner. They also ‘found to replace the 

that with alumina, aluminium chloride and aluminium borate are Greased Tap. 

formed ; and that porcelain is attacked at a bright red heat, forming 
aluminium and silicon chlorides, aluminium borate, etc. (1. Gustavson stated that 
when eq. quantities of boron trichloride and boric Oxide are heated in a sealed tube 
at 150°, boron oxymonochloride, BOC1, is formed, but R. Lorenz tried to confirm 
this and found that the product is a mixture of boron chloride, and oxide, 
2BC1 3 4-7B 2 0 3 . C. Councler claimed to have obtained boron oxytrichloride, B0('l 3 , 
as a by-product in the preparation of boron trichloride ; lie described it as a yellowish • * 
green liquid which decomposes on heating into boron trichloride, chlorine, and boric 
oxide ; and with water it forms chlorine, and boric and hydrochloric acids. In 
R. Lorenz’s attempt to make this compound by passing chlorine over a mixture of 
boric oxide and charcoal, lie obtained a liquid mixture of boron trichloride and 
benzene hexachloride. The oxychloride remains as a white fibrous mass when the 
liquid is distilled ; it had a composition BgOjjCL, or 11B 2 0 3 j 2B(1 3 -OBgO^CIg ; 
and not B0C1 3 as stated by C. Councler. * 
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§ 22. Boron Tribromide 

A. B. Poggiale 1 first obtained boron tribromide, BBr 8 , by the action of bromine 
vapour on an intimate mixture of carbon and boric oxide at a red heat. He did not 
condense his product to a liquid. F. Wohler and H. St. C. Deville made the tribromide 
by passing bromine over boron at a dull red heat. Before passing the bromine, the 
apparatus is dried by passing a stream of dried hydrogen over the heated boron. 
H. Gautier, J. L. H. Abrahall, H. Moissan, A. von Bartal, and A. Stock and E. Kuss 
employed a similar process. The crude boron tribromide condenses in a well-cooled 
receiver as a yellow liquid. The product is purified by shaking it with mercury, and 
it is rectified at atm. press, by fractionation with a distillation column. A. Stock 
and E. Kuss also discAssed the purification of the bromide for at. wt. determina- 
tions. F. Meyer and R. Zappner purified the bromide by distillation under reduced 
press. P. C. Chabrie noted that a little boron bromide is formed when a mixture of 
amorphous boron with ethylene dibromide, or tribromohydrine, is heated in a 
sealed tube. H. Moissan noted the formation of boron tribromide when boron sul- 
phide is heated with bromine ; and G. Gustavson, when a mixture of boric oxide 
and phosphorus pentabromide is heated in a sealed tube at 140°. A. Stock and 

E. Kuss described the preparation of the tribromide of a high degree of purity. 
The boron bro mo -hydrides have been described in connection with the boron 
hydrides. 

Boron tribromide is a colourless fuming liquid. F. Wohler and H. St. C. De- 
ville gave 2'69 for the sp. gr., and A. Ghira gave 2 '1)4985 at U°/4°, and T. Ewan and 
P. J. Hartog gave 2 6175 at 16'5° ; and for the mol. vol., A. Ghira gave 94*72 at 0 °,. 

F. Wohler and H. St. 0. Deville found the vap. density to be 8'78, the normal value 
is R 772 (air unity) ; A. B. Poggiale found 8 46. F. Wohler and H. St. C. Deville, 
and H. Gautier found tho b.p. to be 90*5° ; A. von Bartal, 90 6 ° ; and A. Stock and 
ft. Kuss, 90*1° at 740 mm. The last-named found the mol. wt., from the f.p. of 
benzene soln., to be 252 ; and the vap. press., j) in mm. of mercury to be : 

r»o -so* - -io u o 0 nr ao j 50" 7(r oo° 

V .0-7 3 10*5 19 32 85 193 391) 730 

They also gave -ib’’ for the m.p. of boron tribromide; II, Gautier gave —44°. 
M. Bert helot gave for the heat of formation (B, 3Br gay )— 543 Cals, and (B, 3 Bruq U | d ) 
=43'2 Cals, for liquid boron tribromide. 

H, Gautier said that water reacts with boron tribromide with explosive violence. 
F. Wohler and H. St. C. Deville merely mentioned the existence of boron oxybro- 
mHle ; A. Besson, that hydrogen iodide replaces one or two atoms of bromine by 
iodine ; A. Stock and 0. Poppenberg found that hydrogen sulphide converts it into 
boron sulphide ; and G. Gustavson, that with sulphur trioxide in a sealed tube at 
120°, thf compound B 2 G 3 .S 03 is formed. According to A. Besson, ammonia gas 
combines directly with boron bromide with great development of heat and partial 
conversion into boron nitride. In order to obtain a definite compound, rise of temp, 
must be avoided. If dry ammonia, cooled to 0 °, be passed into a soln. of boron bromide 
in dry carbon tetrachloride, cooled to 0 °, a white, solid substance separates, and at 
the end of the reaction the solvent is expelled by means of a current of dry air at 
50°-60°. The product is amorphous, and corresponds with boron totnUBUnlnO- 
tribromide, BBr 3 ,4NH 3 . At 10 ° it absorbs more ammonia, but the excess is expelled 
in a current of dry air. When heated in dry oxygen, decomposition begins at about 
150°, without sublimation, the products being boron nitride and ammonium bromide. 
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The compound is also decomposed by water and alkalies. A. Stock treated boron 
arsinotribromide, BBr 3 .AsH 3 , with ammonia at —25°, and obtained a liquid which 
gives off the excess of ammonia when warmed and forms a white solid corresponding 
with boron enneamminotribromide, BBr 3 .9NH 3 . A. Joannis considered that the 
products of the action of ammonia on boron tribromide are ammonium bjomide and 
boramide — -vide boron trichloride. A. Stock noted that with phosphine, BBrg.l’Hg, 
is formed ; with phosphorus trichloride, 2BBr 3 .K f l 3 ; with phosphorus penta- 
chloride* 2BBr 3 .PCl 6 ; with phosphoryl chloride, BBr 3 .POCl 3 ; with phosphorus 
tribromide, BBr 3 .PBr 3 ; with phosphorus pentabromide, BBr 3 .PBr 5 ; with phos- 
phorus iodides, 2BBr 3 .P 2 I 4 ; and with arsine, BBr 3 .AslI 3 is formed. J. Tarible 
found that arsenic trichloride reacts ; AsC 1 3 |-BBr 3 — AsBr 3 -f BU 3 ; antimony tri- 
chloride reacts in an analogous manner; while arsenic tribromide, arsenic tri- and 
penta-iodides, antimony tribromide, and antimony tri-iodide are readily dissolved 
by boron tribromide. G. Gustavson found that when a mixture of boron tribromide 
and carbon tetrachloride is heated in a sealed tube at 150°--200 o , about 10 per cent, 
of the boron forms the trichloride ; and A. Besson found that carbonyl chloride is 
converted into the chlorobromide and bromide under similar conditions. S. Ridcal, 
G. A. A. Michaelis, etc., have studied the action of boron* bromide on organic 
compounds. 
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§ 23. Boron Triiodide 

J. Inglis 1 obtained a small quantity of a yellow sublimate by passing iodine 
vapour over an intimate mixture of carbon and boric oxide at a red heat ; the 
product was thought to be an impure boron iodide ; but F. Wohler and H. St. 0. Dc» 
ville were not able to make boron iodide by the direct union of the elements nor by 
heating a mixture of boron with silver iodide. II. Moissan lirst established the 
existence of boron triiodide, BI 3 , which he obtained in 1891 by heating a mixture 
of the vapours of boron trichloride and hydrogen iodide ; by the action of iodine 
vapour on the amorphous boron of F. Wohler and H. St. C. Deville, at 700 80o ; 
and by the action of hydrogen iodide on red-hot amorphous boron. 1 he last-named 
process is considered to be the best. The boron is first heated to about 2(H) in a 
stream of dried hydrogen. It is then heated in a Bohemian glass tube* almost to 
the m.p. of the glass. A stream of hydrogen iodide, dried by passage over calcium 
iodide, is passed through the tube. The boron triiodide sublimes in large lamella) 
which have a purple-red colour owing to the presence of a little free iodine , the crude 
product is purified by dissolving it in carbon disulphide, shaking it with mercury 
to remove free iodine, and recovering the iodide by evaporating the soln. It is con- 
sidered remarkable that the amorphous boron of H. Jtfoissan is not satisfactory, while 
the less pure preparation by F. Wohler and H. St. C. Deville s process is satis- 
factory, A. Besson said that only if small portion of the boron is attacked, and that 
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thin portion must be a more actwe variety than the remainder of the boron, but 
H. Moissan said that the more active variety is probably a mixture of iron and 
sodium borides. A. Besson also obtained a mixture of boron dibromoiodide, and 
bromodiiodide, with boron triiodide, by passing a mixture of the vapours of 
hydrogen iodide and boron tribromide through a glass tube heated to 300°-400°. 
After shaking the mercury, the three constituents can be separated by repeated 
fractional distillation, boron dibromoiodide, BBr 2 I, boils at 125° ; boron bromodi- 
iodide, BBrl 2 , at 180° ; and boron triiodide at 210°. The yields are poor. The 
two bromoiodides are colourless liquids. Light alone has no action on them, but 
moist air and light decompose both compounds as in the case of boron triiodide. 
Both compounds are decomposed by water with violence. 

Bordh triiodide forms colourless crystals. According to H. Moissan, the 
compound melts at 43°, and readily crystallizes on cooling ; the sp. gr. at 50° 
approximates to 3 3 ; the liquid boils undecomposed at 210°. Boron triiodide is 
not changed by an electric current of 50 volts. The crystals are very hygroscopic, 
and readily decompose on exposure to air, or to light, and iodine is liberated. 
A. Besson said that light alone does not appear to have any action, and he thinks that 
the moisture first decomposes the iodide into boric and hydriodic acids, and that 
the latter is decomposed by air and light into iodine and water. H. Moissan found 
that boron triiodide is not altered when heated to redness in a stream of hydrogen. 
When the vapour is heated to redness in a glass tube, it burns when brought in 
contact with the air, and iodine is then set free ; a similar result is obtained by 
heating the iodide in oxygen. Boron triiodide is immediately decomposed by water 
into a mixture of boric and hydriodic acids without the separation of iodine. It is 
rapidly attacked by melted sulphur ; at 4(X)°, boron trisulphide is formed ; a soln. 
of sulphur and boron triiodide in carbon disulphide at ordinary temp, forms boron 
*pentasulphide. 

According to A. Besson, ammonia unites with boron triiodide with the develop- 
ment of much heat. When a current of ammonia cooled to 0° is passed into a soln. 
of boron triiodide in carbon tetrachloride, cook'd to 0°, white amorphous boron 
pentamminotri iodide, BI 3 f>NH 3 , separates. This becomes brown when exposed 
to light; a little iodide is also decomposed when the salt is heated in a current of 
hydrogen, iodine being liberated ; and it is decomposed by water. In a current of 
dry ammonia, the pentammine absorbs the gas rapidly, and yields a liquid approxi- 
mately of the composition of boron pentadecamminotriiodide, BI 3 .l, r )NH 3 ; but 
even at 0° this compound is unstable, and in a current of dry air it gradually 
loses ammonia, and is reconverted into the original compound. According to 
A. Joannis, it is probable that additive compounds are not formed by the action 
of ammonia on boron triiodide, but rather a mixture of ammonium iodide and 
boramide — vide boron chloride. Boron triiodide reacts with warm phosphorus 
(ordinary or red) with incandescence ; but H. Moissan found that with soln. of 
the two substances in carbon disulphide, in a closed vessel, boron phospho- 
iodide, BPI 2 , is formed; he also found that boron triiodide dissolves in liquid 
phosphorus trichloride or in liquid arsenic trichloride. A. Besson said that boron 
triiodide forms a crystalline compound with phosphine. H. Moissan found boron 
triiodide reacts vigorously with phosphoryl chloride. Boron triiodide is readily 
soluble in oarbon disulphide, ip carbon tetrachloride, and in benzene. Absolute 
alcohol reacts thus: 6C 2 H 6 0H-b2BI 3 =2H 3 B0 3 -f6C 2 H 6 I ; ether reacts : 3(C 2 H 6 ) 2 0 
d-BIa^SCaHgl-f B(OC 2 H 6 ) 3 . Most ethers, carbohydrates, and ammonium- bases 
react vigorously with boron triiodide. 

According to H. Moissan, boron triiodide can be distilled unchanged from 
Sodium, but at a red heat there is a reaction ; magnesium acts at 500° with 
incandescence ; silicon is not attacked at a dull red heat ; al uminium , and silver 
do not react with boron triiodide at 500° ; but silver fluoride reacts in the cold, 
forming silver iodide and boron trifluoride. 
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•§ 24. Boratochlorides, Boratobromides, and Boratoiodides 

The mineral boracite is comparatively rare ; it was described by (1. S. 0. Lasius 1 
in 1787 as a cubical quartz ; in 1788, J. F. Westrumb found that it containe^ boric 
acid, magnesium, and calcium, and hence called it I.uneberg sedatiie spar ; A. l«. Wer- 
ner named it borazite. L. N. Vauquelin called it borate maqnesio-culcam. An 
analysis by C. H. Pfaff in 1813 corresponded with the formula MgB 2 0 4 , but it was not 
until 1858 that H. Rose, and W. Heintz demonstrated that magnesium chloride is 
an essential and not an accidental constituent. It occurs in crystals embedded in 
anhydrite, gypsum, or rock salt, at Kalkberg and Sehildberg (LUneberg, Hanover) ; 
Seegeberg (Kiel, Holstein) ; Douglashall (Westeregeln), Leopoldshall (Stassfurt), 
Holvayshall (Bernburg) ; Luneville (La Meurthe, France) ; and, as shown bv 
M. R. Campbell, among the borates of Nevada and Oregon (Cnited States). A 
massive variety was called stassfurtite by 0. Rose; it occurs in the carnal lite and 
kainite zone of the Stassfurt salt deposits, and it may resemble fine-grained marble, 
or granular limestone, or it may be more or less earthy and tinted variously green, 
yellow, or red by impurities. The occurrence of stassfurtite has been studied by 
J. Noggerath, E. Reichardt, F. Bischof, 11. E. Boeke, C. J. B. Karsten, etc. 
Analyses of boracite crystals have been made by F. Stromeyer, J. A. Arfvedson, 
C. F. Rammelsberg, H. Rose, L. Potyka, W. Heintz, etc. ; and analyst's of stass- 
furtite have been made by C. J. B. Karsten, W. Heintz, C. F. (Chandler, H. Ludwig, 
L. Potyka, H. Precht and B. Wittjen, etc. The results are best represented by 
the formula : Mg 7 B 16 O 30 (’l 2 , or GMg0.8B.,0 3 .Mg(3 2 , magnesium hexadecabora- 
todichloride. F. Bischof uses (;3Mg0.4B 2 0 3 ) 2 Mg(’l 2 for boracite, and 
(3Mg0.4B0 3 )(3Fe0.4B 2 0 3 )MgCl 2 for iron boracite. P. Groth regards boracite .as 
a salt of diboric acid in wliich the two chlorine atoms are united directly to boron, 
and not to magnesium, Cl.B : () 2 : B.O.Mg(O.B ; 0 2 : B.OMg) 0 O.B : 0 2 : B.C1. His 
analyses range from 58 90 to 69*77 per cent, of boric oxide ; 24*93 to 33*0 per cent, 
of magnesia; and 9*97 to 11*75 per cent, of magnesium chloride. 3 he ferric oxide 
ranges uj) to 1*6 per cent., and a variety with about half the magnesia replaced by 
ferrous oxide was called iron boracite, or rather Eisenstassfurtil , by A. Huyssen. 1 he 
water in the analyses of crystals of boracite ranges up to about 2 per cent., but in the 
massive stassfurtite up to 11*27 per cent, has been reported. (’. F. Chandler said 
that stassfurtite retains no water if dried at 100°. The mineral is slightly de- 
quescent on exposure, and this led to the view discussed by F. Bischof, and A. Stein- 
beck that there is a hydrated boracite ; the plumose interior of some crystals of 
boracite was called parasite, by G. H. O. Volger, and is probably a result of this 
action. L. Potyka observed the conversion of boracite to stassfurtite by the slow 
absorpton of water. 

Boracite was synthesized by L. Bourgeois, and W* Hsintz by slowly cooling a 
molten mixture of magnesia and boric acid with a great excess of sodium and 
magnesium chlorides. The product is washed first with water and then with cold 
cone, hydrochloric acid until the prismatic crystals of magnesium borate have been 
removed. The product is washed and dried. A. de Gramont heated a mixture of 
one part of borax with two parts of magnesium chloride with a little water for 
2 or 3 days in a tube at 275°-280°. G. Rousseau and H. Allaire obtained boracite 
by the action of the vapour of magnesium chloride on boronatrocalcite. 

The crystals of boracite have attipeted much attention. At first sight they 
appear to belong to the cubic system and to have polar dites^ral symmetry. Ihe 
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ordinary form is that of a cube with an octahedron and dodecahedron , but usually, 
the faces of one tetrahedron are large, and those of the other small ; and one is 
bright and the other dull. The crystals have been studied by B. Schultze, 
C. Klein, H. Bucking, H. Baumhauer, 0. Miigge, F. Rinne, A. Karnojitzky, etc. 
C. Ochsetoius observed pseudomorphs of boracite after quartz. The cubic form of 
boracite crystals naturally suggests that the crystals will be singly refracting and 
optically isotropic. On the contrary, boracite exhibits an anomalous double refrac- 
tion, for it is strongly doubly refracting, and exhibits brilliant polarization colours. 
This is not characteristic of cubic crystals. D. Brewster first established the 
birefringency of boracite. Between crossed nicols, the mineral sometimes appears 
to ha^e a fibrous or lamellar structure. A thin slice cut parallel to one of the cube 
faces shows a division into four fields along the diagonals of the face, and each field 
exhibits an optic axis characteristic of biaxial crystals ; there are also twin lamina- 
tions. J. B. Biot attributed the phenomenon to the separation of the crystal into 
a system of plates ; F. C. Naumann, G. H. 0. Volger, H. Marbach, F. Klocke, and 
F. E. von Reusch to the existence of strains produced when boracite originally 
crystallized at a high temp, as a cubic mineral, and developed stresses and strains 
during the contraction on cooling. P. Groth pointed out that boracite is found 
enclosed in gypsum, a hydrated mineral which could not be formed at a high temp, 
except under a great press. The internal strain hypothesis is not likely in view of 
the fact that each portion of the crystal has a definite refraction, birefringence, and 
axial angle, showing that the various portions differ only in their orientation. The 
crystal of boracite, indeed, consists of definite individuals united by twinning on 
planes parallel to the dodecahedron faces of the cubic crystal. K. Mallard’s 
hypothecs is generally accepted : 

Imagine a rhombic dodecahedron to ho construe tod of twelve pyramids, each having a 
dodecahedron face for base, and its a|»ex at the centre of the crystals. Each of these will 
then bo one of tho twelve rhombic or monoclinic individuals which form the crystal of 
boracite ; the axial plane of each crystal wilt bo parallel to the longer diagonal of the 
rhombic face, and a bisectrix peri>cndioulur to the face ; the true axial angle being about 90°, 
one optic axis will lie perpendicular to each cube face. The interpenetrating constituent 
crystals meet in irregular boundaries. 

K. Mallard showed that the rhombic constituents of the boracite crystals have the 
axial ratios a : b : c - -0*70715 : 1 : 1. H. Baumhauer, 0. B. Boggild, C. Klein, 
J. Beckenkamp and W. Agafonoff have also studied the twinning of boracite 
crystals. H. Baumhauer found the corrosion figures with a mixture of hydrochloric 
and sulphuric acids are in harmony with E. Mallard’s hypothesis. 

When a section of a crystal of boracite is heated, the birefringence of the different 
portions changes, as is demonstrated by the change in the interference tints ; the 
boundaries move and often take up different positions when the section is allowed to 
cool, E. Mallard further showed that at 265°, all these optical differences abruptly 
disappear, and the crystal becomes isotropic, and is dark between crossed nicols ; 
on cooling, the optical anomalies, complex structure, and twin lamination reappear. 
This shows that boracite is dimorphous, and that above 265° the crystal is isotropic 
and cubic ; and below that temp, it is biaxial, probably rhombic. W. Schwarz 
gives 265 2° for the enantiotropic transition temp. F. Rinne found a greyish-green 
boracite with 7 9 per cent, of ferrous oxide, changed to a deep bluish-green when 
heated, out the green colour was restored on cooling. The transition temp, was 
raised 20° by the contained iron. According to R. Brauns, the doubly-refracting 
boracite found in salt deposits first crystallized in the cubic form below its transition 
temp., 265°. 0. Miigge assumed that then* must have been a local rise of temp, 
during crystallization, but R. Brauns believed that the metastable crystalline form 
usually separates first — e.g. sulphur, potassium nitrate, and mercuric iodide — and 
with boracite the metastable cubic form was first produced. 

C. J. R. Kareten gave 2 75 for the sp. gr. qf boracite ; F. Bischof, 2 667 ; E. Reich- 
ardt, 2’38-2‘458 ; C.,F. Rammelsberg, 2 955 ; H. Ludwig, 2 507 ; C. F. Chandler* 
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£SV *S? F- V0 “ 2 ; 9 ] bc , fore and dkr ^leination. A. de Gramont gave 

2 89 for the sp. gr. of the artificial crystals, and B. Schultze, 2*90-2*92. Boracite 
is harder than felspar ; the hardness is 7 on Mohs’ scale. W. Meyerhoffer found an 
increase in vol. with rise of temp, up to 255°, and from 265°-267° a decrease in vol. 

• l erZ f 1US * 0Un( * ^at boracite melts before the blowpipe, forming a clear glass 
which cools to an opaque glass with needle-like crystals ; and G. Rose added that 
stassfurtite behaves similarly, but is rather more fusible. K. Mallard and H. le Chate- 
lier observed a slow increase in the sp. ht. with rise of temp, up to 252°, and a rapid 
rise between 252° and 277°, and after that a small decrease. The mean sp. ht of 
rhombic boracite, according to W. Schwarz, is 0*246, and of cubic boraoite, 0*265. 
K. Kroker found the sp. ht. of hexahedral and of dodecahedral boracite to be . 


-32° 50° 10U’ i>00 3 270’ SOU 

Hexahedral . 0*1607 0*2124 0*2308 0*2901 0*26f»0 0*37f>7 

Dodecahedral . — 0*2157 0*2398 0*2901 0*2532 0*4781 


The results in the former case are represented by 0*1809614 4 0*00063138440 
-O*OOOOOO42840 2 ; and in the latter case by 0*1 809647 4 0*00063 1384 40 
—0*000000428402. D. Brewster found the index of refraction to be 1*701 . E. Mallard 
gave for the mean index of refraction for white* light, a=l*6622 ; 1*6670 ; and 

y=l*6730. E. Marbach measured the effect of temp, and found for light A f)Ol6, 
1*6776 at 290°, and T6796 at 502° ; and for A— 5876, 1 6714 at 290° and 1*6741 at 
502°. P. Gaubert measured the effect of press, on the double refraction of the 
crystals. R. J. Haiiy found in 1791 that when a cube of boracite is heated, it becomes 
positively electrified on four of its corners, and negatively on the remaining four 
corners. Hence if a mixture of red-lead and sulphur be blown or sieved upon the 
crystal, four of the corners negatively electrified will be coloured by the red-lead as 
the crystal cools, and the other four corners will be coloured by the sulphur. The 
subject has been further studied by F. Kohler, W. Hankol, P. T, llies and G. Rose, 
E. Marbach, C. Friedel and J. Curie, A. Kundt, and W. C. Rontgen. K. Mack 
showed that the pyroelectrical behaviour disappears at 265°, and is mainly developed 
along certain lines which traverse the surface of the crystal, and that these are the 
lines of contact of the twelve sub-individuals whose existence is indicated by*the 
optical properties of the crystal. J. and P. Curie found that piezoelectrical 
properties are developed in crystals of boracite such that cooling and compression 
develop the same electrification at the same corners of the crystal. Theoretical 
explanations of the optical behaviour of the crystals based on the arrangement of 
the structural units in the space lattice have been investigated by E. Mallard, and 
J. Beckenkamp. H. Haga and F. M. Jager found that the X-radiograms of boracite 
above and below the transition point are identical within the limits of experimental 
error. 

A. Kenngott found that powdered boracite, both before and after calcination, 
is very sparingly soluble in water, to which it imparts an alkaline reaction. W . Heintz, 
H. Ludwig, and H. Rose showed that the- contained chloride cannot be removed 
from boracite by washing. J. H. van’t Hoff has investigated the paragcneHtff of 
boracite. K. Kraut found that boracite is slowly soluble in acids; and F. Bischof 
made a similar observation with respect to stassfurtite. K. Kraut also found that 
when boiled with a soln. of ammonium chloride, an amount of ammonia vs evolved 
eq. to the contained magnesium oxide. 

G. Rousseau and H. Allaire prepared a series of boratochlorides, isoniorphous 
with bor&cite, by the action of the vapours of metallic chlorides on native calcium 
borate or boronatrocalcite. The products contained 0*8 to 1*2 per cent, of calcium 
as impurity. The results with borax in place of the calcium Iwrate were un« 
satisfactory. W. Heintz’s and A. de Gramont's methods for boracite also gave 
negative results except in the case of zinc. The oxychloroborates are not 
obtained by the action of the va|>our8 of the metallic chlorides on boracite. 
If calcium borate or boronatrocalcite be freed from sodmm, it does not yield 
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oxychloro borates, showing that the sodium borate is probably converted into the 
chloride, which then acts as an agent mmerahzaieur . H Allaire considered that 
the best way of preparing boracite consists in passing hydrogen chloride over the 
amorphous borate at a dull red heat. The product is well crystallized All 
the chlorobo rates crystallize in cubes, tetrahedra, and dodecahedra, and they 
have the pseudo-cubic synfmetry and optical characters of natural boracite. 
The general formula is ()M0.8B 2 0 3 .MC1 2 , where M stands for an atom of the 
bivalent element. Zinc-bar acite, or zinc hexadecaboratodichloride, is obtained 
by the action of the vapour of zinc chloride on borax at a dull red heat ; by 
adding boric acid and a little borax to a fused mixture of zinc and sodium 
chlorides; and by the wet processes used by W. Heintz, and A. de Gramont for 
boracite. The salt forms colourless tetrahedra and dodecahedra, of sp. gr. 3*48 ; 
and they are very stable. Colourless crystals- chiefly cubes with some tetra- 
hedra and dodecahedra- of cadmiurn-boracite , or cadmium hexadecaborato- 
dichloride, were obtained by passing dry chlorine over an intimate mixture of 
boronatroealcite and the finely divided metal at a red heat. T. J. Herapath 
obtained lead boratodichloride, PbGl 2 .Pb(B0 2 ) 2 .H 2 0, by mixing cone. soln. of 
borax, and lead chloride, washing the product with warm water, and drying it over 
sulphuric m id. The microscopic needles lose water at 200° ; and are hydrolyzed 
by hot water. Yellow tetrahedra and dodecahedra of nickel-boracite, or nickel 
hexadecaboratodichloride, were obtained in a similar way. IV corresponding 
cobalt-boracitc , or cobalt hexadecaboratodichloride, forms tetrahedra and cubes 
which are violet by reflected and green by transmitted light. White cubes of 
mangancse-boracite, or manganese hexadecaboratodichloride, were formed by the 
action of chlorine on a mixture of boronatroealcite and manganese carbide, the 
product being purified by treatment with cone, hydrochloric acid, and any carbon 
oeing separated by means of bromoform and methylene iodide. The case of iron 
presents special difficulties, because ferrous chloride is not volatile at a sufficiently 
low temp. Good results are, however, obtained by passing the vapour of ferric 
chloride over an intimate mixture of calcium borate with a large excess of small pieces 
of wrought-iron or of steel wire, the mixture being heated at about 330°. Ferrous 


chloride is formed, and immediately reacts with the borate. The excess of ferrous 
chloride is dissolved by means of water, and the unattacked iron is easily separated. 
The fcrrouK-boracite , or ferrous hexadecaboratodichloride, so produced forms greyish 
transparent crystals ; it dissolves slowly in nitric acid, and is rapidly decomposed 
by fused alkali carbonate. T. J. Herapath made fine acicular crystals of mono* 
hydrated lead diboratodichloride, Pl>Cl 2 .Pb(B0 2 ) 2 .H 2 0, by the action of a cone, 
soln, of borax on one of lead chloride. The crystals are not appreciably affected 
by cold water, but they are decomposed by hot water and by nitric acid. 

G. Rousseau and H. Allaire prepared a series of boratobromides or bromo 
boracites analogous to the borntochlorides, and by similar methods — by the action 
of bromine on a mixture of metal and boronatroealcite. W. Heintz’s method for bora- 


cite is applicable for zinc and magnesium bromoborates. The cubes, tetrahedra, and 
dodecahedra seem to have the pseudo-cubic symmetry characters of boracite ; they 
have the same general formula, 6M0.8B 2 0 3 .MBr 2 . Colourless crystals of magnesium 
hexodeoaboratodibromide are formed by the action of the vapour of magnesium 
bromide qn calcium borat<? he&ted to redness in an atm. of carbon dioxide ; zinc, 


cadmium, and manganese hexadecaboratodibromides form white crystals ; ferrous 
hexadecaboratodibromide forms greyish- white cubes and octahedra, and is obtained 
by passing bromine over an intimate mixture of boronatroealcite with iron wire 
heated to redness. The crystals are larger the higher the temp., and are mixed 
with black prisms of ferric borate which can be removed by treatment with cold, 
cone, hydrochloric acid. Iron bora to bromide dissolves slowly in warm nitric acid. 
The corresponding cobalt hexadecaboratodibromide is green by transmitted light, 
and violet by reflected light ; while nickel hexadecaboratodibromide is yellow. 

H. Allaire prepared** number of boratoiodides, or iodoboraotteg, by fusing mol. 
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proportions of the iodides of sodium and of the metal chosen with boric acid and a 
small quantity of borax, in a steel crucible on to which is fitted a cover furnished with 
a small iron exit-tube ; this is necessary in order to prevent aq. vapour from the 
furnace coming into contact with the contents of the crucible. They are analogous 
with natural boracite in composition and crystalline habit. The general formula 
is 6 MO. 8 B 2 O 3 .MI 2 . Magnesium hexadecaboratodiiodide is obtained only with 
difficulty by passing the vapour of magnesium iodide over heated magnesium 
borate ; it is also formed, but in an impure state, by the action of iodine on a mixture 
of magnesium and its borate heated in an atm. of hydrogen ; it forms colourless 
cubes and tetrahedra. The zinc hexadecaboratodiiodide is, however, readily pre- 
pared by passing a stream of carbon dioxide laden with iodine vapour over a 
heated mixture of zinc and zinc borate ; the cadmium hexadecahoratodiiodide and 
manganese and iron hexadecaboratodiiodides are prepared similarly, and closely 
resemble the zinc derivative, but the nickel hexadecahoratodiiodide is yellow, and 
the cobalt hexadecahoratodiiodide, violet in colour. 

H. le Chatelier , 2 and L. Ouvrard prepared a series of boratoehlorides and boruto- 
bromides of the alkaline earths by fusing together different proportions of boric 
oxide and the calcium halide in varying proportions with or without lime. He was 
unable to make the corresponding boratoiodides. When 'mixtures of a mol of 
boric oxide and two mols of calcium iodide are fused with varying proportions of 
lime, crystals of calcium borate are produced with Ca0:B 2 O 3 in the molar ratios 1:1, 
2 : l, and 3 : 1. A. Ditte was also unable to make iodo-apatites by means of the 
iodides of the alkaline earths owing to their ready decomposition ; he had better 
success with the double iodides of the alkalies and alkaline earths. 

According to H. le Chatelier, when a mixture of borie and calcium oxides in any 
proportion is projected into fused calcium chloride, the mass becomes incandescent, 
a clear soln. is formed which then becomes turbid owing to the separation of tri- 
clinic crystals of calcium orthoboratodichloride, Ca 3 (B() 3 ) 2 .CaCl 2 . This compound 
was also made by L. Ouvrard : it is slowlv decomposed by alcohol, and rapidly by 
water and moist air. 1. Ouvrard melted a mixture of UT> mol of calcium oxide, 
one mol of boric oxide, and 5 mols of calcium chloride ; and obtained arborescent 
masses of granular crystals of calcium trimetaboratodichlonde, 3ta0.3B 2 0 : , ( at 
or 3Ca(B0 2 )o.CaCl 2 . ' The same compound is obtained by fusing one part of boric 
oxide with 8 parts of calcium chloride. The salt is feebly active towards polarized 
light, and is rendered opaque by water. Lamella of calcium borate ( a 2 H 2 U 6) 
active towards polarized light, arc formed at the same time L. Ouvrard prepared 
needles or prisms of calcium decaboratodichlonde, 3Ca0..>B 2 0 3 .Ca(l 2 , showing a 
feeble longitudinal extinction. The salt is scarcely affected by water or dd. acetic 
acid, but dissolves in dil. mineral acids. When a mixture of boric oxide, and 
strontium chloride, with or without the addition of not more than one mol 0 ? Htrontia 
per mol of boric oxide, is fused, long needles of strontium decaboratodichlonde, 
3Sr0.5B 2 0 3 .SrCl 2 , are formed. If the proportion of strontia be increased borates 
are formed. The crystals show longitudinal extinction, and arc una tered l by 
water or cold dil. acetic acid. L. Ouvrard prepared barium decaborat^ichlonje, 
3 BaO. 5 B 2 O 3 .Bad 2 , in an analogous manner; he also obtained calcium aeca^- 
boratodibromide,3Ca0.5B 2 0 3 .CaBr 2 , by fusing a mixture of boric anhydride 1 mo 
with calcium bromide (2 mols), with or without the addition of lime (not irnm than 
0*5 mol) ; it forms needles or prisms showing longitudinal extinction, almostfnsolubJt 
in dil. acetic acid, but soluble in mineral acids ; when the quantity of lime is in- 
creased to 1 mol., calcium trimetaboratodibromide, 3 ^ a O - 3 ^^3 ^ aBr 2 , is f<^n^d 
as transparent octahedra or arborescent, crystalline masses, ee } 1 

polarized light, very sparingly soluble in water, but readily so in 1 . a 1 ■ » » 

however, the proportion of lime be increased to 2 mols or 3 mo cr F j-, • 

borate, aCaCbBA, or 3Ca0.B 2 0 3 , are respectively obtained, h. 0u vmrd hkewise 

prepared strontium decaboratodibromide, 3Sr0.5B 2 0 3 .brBr 2 ; and barium deea- 
boratodibromide, 3 Ba 0 . 5 B 2 03 .BaBr 2 *. 
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§ 26. Boron Sulphides 

. J. J, Berzelius, 1 observed that boron burns when heated to redness in sulphuric 
acid vappur, forming a white deposit on the sides, and a grey deposit on the bottom 
of the containing vessel. The white powder is boron trisulphide, BoSg, and the grey 
deposit is a mixture of this and uncombined boron. If the boron be merely heated 
until it takes fire, and no further application of heat is made, the sulphide which is 
formed contains an excess of sulphur. When sulphur and boron are melted together, 
the excess of sulphur can be distilled from the olive-green mixture. H. Moissap 
pointed out that at 610°, when the combustion is very vigorous, the boron sulphide 
coats the boron protecting it from further action so that the transformation is 
incomplete. This was also emphasized by G.*Gustavson. 
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F. Wohler and H. St. C. Deville, P. Sabatier, ancl H. Gautier, heated the boron 
in a stream of hydrogen sulphide. N. D. Costeanu placed the boron in a small boat 
in a porcelain tube fitted in a tube furnace, Fig. 3d. Each end of the porcelain tube 
is cemented to a wider glass tube ; glass plates, f?, //, are cemented to the free ends 
of the glass tubes so that the inner tube is visible from end to end. The ends of 
the porcelain tube are cooled by coils of lead tubing, . 1 . B , through which cold 
water flows. One glass tube has a side tube through which the thoroughly dried 
mixture of hydrogen and hydrogen sulphide can be passed. The other end is 
fitted with glass bulbs, C , D , E, and with a calcium chloride tower, F. The apparatus 
is first dried and cleansed from air by a stream of dry hydrogen ; the temp, then 
raised to 1500°, and the mixture of hydrogen sulphide and hydrogen introduced. 
The speed of the current of gas should be sufficient to allow some crystals of the 
sulphide to deposit near A, and a white powder collects in the bulbs (\ /), and E. 
If too much hydrogen sulphide be used, the tube will be obstructed by the decom- 



Fig. 33.— The Preparation of Boron Trisulphide. 


position of impure sulphide ; consequently the hydrogen sulphide must be largely 

diluted with hydrogen. .• 

H. Moissan passed the vapour of dried carbon disulphide over boron at a bright 
red heat, and found that carbon is deposited in the tube while, the boron sulphide 
is volatilized. J. Hoffmann suggested a cheap method of preparing boron sulphide 
by passing hydrogen sulphide over commercial manganese or iron boride at 630 - 
640°, and washing away the excess of sulphur with carbon disulphide. The ferro- 
boron is more rapidly decomposed and gives a better yield than the mangano -boron. 
In both cases, only a portion of the contained boron is converted into sulphide. 
F Wohler and H. St. C. Deville made the sulphide by melting boron with lead 
sulphide : 3 PbS-f 2 B=B 2 S 8 -f 3 Pb, and H. Moissan found that the sulphides of 
zinc, arsenic, or antimony acted in an analogous manner at a red heat. E. Fremy, 
and M. Skoblikoff passed carbon disulphide over boric oxide or a borate mixed with 
carbon and heated to a high temp. ; H. Moissan passed a stream of hydrogen 
sulphide over amorphous boron heated on a gradually rising temp, to 400 so 
as to expel the excess of sulphur ; and A. Stock and 0. Poppenberg obtained boron 
sulphide by passing a mixture of hydrogen and boro 9 chloride through a tube at a 
dull red he<*t ; and also by heating sulphometaborie acid, HB 8 2 , to 300°. ’ 

Boron sulphide as a white microcrystalline powder ; when sublimed it furnishes 
white needle-like crystals which, according to E. Fr 6 my, have a sulphurous smell, 
and affect the eyes. H. Moissan said that the sp. gr. is 1*55 ; and the.m.p., 310 . 
The molten sulphide solidifies to a glassy mass which, when exposed to air, is more 
stable than the ordinary form. Boron sulphide volatilizes when heated in a stream 
of inert gas ; P. Sabatier detected volatilization in hydrogen at 300 . The heat 
of formation, determined by P. Sabatier, is ( 2 B, 38) =82*6 Cals. ; A. Stock : and 
0. Poppenberg* gave 2 BC 1 8 + 3 H 2 S— 6 HCl-j- BjjSj— 31'1 Cals. ; and 2BBr 8 -f3H 2 S 
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a=6HBr+B 2 S 3 -flO , 9 Cals. V* Sabatier gave for the heat of decomposition in 

water B2S.J4 r)H 2 0n,, l im"-2H 3 BO3. w ,i n .+3H2S»oin.+^7'8 Cals. 

K. Fremy noted that a little sulphur is given off when boron sulphide is heated 
in hydrogen. I\ Sabatier said that boron sulphide is dissociated in hydrogen at 
temp, exceeding 300°, forming hydrogen sulphide and boron subsulphide, B 4 S. There 
is some doubt about this Ijeoause, H. Moissan said that, at a red heat, boron tn- 
sulphide is not affected by this gas. H. Moissan found that boron sulphide burns 
with a green flame when heated in oxygen, and boric oxide is formed. Jioron sul- 
phide absorbs moisture from the air with extreme rapidity, but the glassy form is less 
speedily affected by moist air. J. J. Berzelius, P. Sabatier, and H. Moissan have 
emphasised how violently boron sulphide reacts with water, forming hydrogen 
sulphide and boric acid. When the grey sulphide is treated with water, J. J. Ber- 
zelius noted that non-sulphurizcd boron collects as a sediment, while the sulphide 
with an excess of sulphur deposits milk of sulphur. >1. Hoffmann showed that 
the glassy sulphide is also vigorously attacked by water. According to H. Moissan, 
boron trisulphide inflames in chlorine in the cold, forming boron trichloride and 
sulphur tetrachloride ; if wanned a little, it also reacts with bromine, forming 
boron tribromide and 4 sulphur tetrabromide ; but it does not react with melted 
iodine J P. Sabatier 'said that at a dull red heat boron triiodide is formed. 
According to II. Moissan, hydrogen chloride transforms boron trisulphidc at 400° 
into boron trichloride and hydrogen sulphide ; hydrogen iodide has no action 
underthese conditions, sulphur dissolves in boron trisulphide and some pentasulphide 
is formed -vide infra; boron sulphide forms a complex with sulphur chloride; 
at a red heat, it is not affected by nitrogen. 

According to H. Moissan, dry ammonia is rapidly absorbed with the development 
of heat, and a yellow powder is formed which becomes white when the temp, is raised, 
and which with potassium hydroxide gives off ammonia. A. Stock and M. Blix 
said that if ammonia be liquefied over sulnhometaboricacid, IIBS 2 , and shaken for 
some hours, a deep yellow soln. is formed ; if the ammonia be evaporated at 0°, 
a yellow liquid remains, which at ordinary temp, gives off ammonia and hydrogen 
sulphide, forming a solid, possibly boron hexamminotrisulphide, B«(NH 3 ) 6 S 3 ~- 
perhaps identical with H. Moissan's yellow powder. At 104°, it decomposes, thus 
B a S 3 .6NH 3 --3NH 4 SH4 Bii(NH) 3 . The reaction with water is not particularly 
violent, and a yellow soln. is formed. A. Joannis said that the product of the 
action of ammonia on boron trisulphide is probably a mixture of ammonium hydro- 
sulphide and boramide — vide boron trichloride — but A. Stock and M. Blix say that 
this cannot bo the case because it docs not lose ammonium sulphide by volatilization 
at ordinary temp. ; it dissolves completely in liquid ammonia, and does not leave 
a residue of the insoluble borimide. 

H. Moissan said that boron trisulphide burns in nitrogen peroxide, forming 
boric oxide and sulphur ; it does not react with phosphorus at a red heat ; it unites 
with phosphorus and arsenic chlorides, forming double chlorides ; it is very soluble 
in phosphorus trichloride, and the soln. deposits fine needle-like crystals— its solu- 
bility in phosphorus trichloride is augmented in the presence of sulphur chloride, and 
the soln. also yields separations such as occur when sulphur chloride is absent. Boron 
trisulphide does not react with carbon or silicon at a red heat, N. D. Costeanu said 
that oarbon dioxide commences to act Oil boron sulphide at about 300°, the reaction 
is faster kt higher temp. ; sulphur, carbon monoxide, and boric oxide are formed : 
BA+3CO a =3CO+3S-}- B 2 O s . H. Moissan said that boron sulphide decomposes 
aloohd and Other ; and organic compounds generally react with boron trisulphide 
giving off hydrogen sulphide. It is, however, insoluble in most of the recognized 
solvents. The metals potassium, sodium, magnesium, and alu m i n iu m decompose 
boron sulphide, forming the metal sulphide, and may be the metal boride ; but 
oopper, silver, sine, mercury, and iron do not react. 

P. Sabatier found that if boron trisulphide be heated to 300° at one end of a sealed 
tube, while the other end is cooled by water, boron trisulphide first forms a sublimate 
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of long needles, and behind this appear drops of a colourless liquid which, when 
cooled for some hours, forms white masses which he considers to be boron hydro- 
sulphide, B(SH) 3 , or 3H 2 S.B 2 S3. A. Stock and 0. Poppenberg passed a current of 
dried hydrogen sulphide into a carbon disulphide or benzene soln. of boron tri- 
bromide. The evolution of hydrogen bromide begins at once, but the la'ter stages 
of the reaction are so slow that it requires about 6 days ifi order to ensure the complete 
expulsion of all the bromine as hydrogen bromide. A. Stock and M. Blix suppose 
the reaction occurs in two stages : (i) A quick reaction between the boron bromide and 
hydrogen sulphide, forming boron sulphobromide ; and (ii) a slow decomposition of 
the sulphobromide by the hydrogen sulphide. On evaporation of the remaining 
liquid, long, white, needle-like crystals are obtained. Analyses and mol. wt. 
determinations in benzene soln. agree with sulphometaboric acid, B 2 Sjj.H 2 !d ) or 
BS(HS), or HBS 2 . The compound was also made by J. Hoffmann. It begins to 
melt in a sealed tube at 120°, and is quite. Huid at 13f)°-140° ; it freezes to a white 
crystalline mass on cooling. The compound is sparingly soluble in carbon disulphide 
at —20°, but at ordinary temp., 100 parts of benzene or of carbon disulphide dissolve 
20 parts of the compound. Sulphometaboric acid smells of hydrogen sulphide, and 
it slowly loses the last-named gas at ordinary temp, and press., the action is faster 
in vacuo over sulphuric acid, and faster still if heat be applied-boron trisulphide 
remains. Water vigorously decomposes the compound into hydrogen sulphide and 
boric acid ; hydrogen sulphide is also evolved when in contact with alcohol and 
ether — a compound appears to be also formed in the last-named reaction. 

A. Stock and M. Blix prepared double compounds of boron sulphide with boron 
chloride and bromide, by dissolving sulphometaboric acid in an excess of the boron 
halide, and evaporating to dryness in vacuo. Analyses agree with boron sulpho* 
chloride, B 2 S 3 .BC1 3 , or BSC1, and with boron sulphobromide, B 2 S 3 .BBr 3 , or BSBr. 
These compounds are decomposed into their components by heat ; and when boiled 
with carbon disulphide the boron halide is given off. 

According to II. Moissan, boron pentasulphide, B 2 S 5 , is obtained by heating boron 
iodide (20 grins.) with sulphur (rather less than one eq.) in carbon disulphide soln, 
for 24 hrs. at 60°. The precipitated product is washed with carbon disulphide 
to remove the iodine. The pentasulphide appears to form a sparingly soluble additive 
compound with iodine ; it cannot therefore be washed quite free from iodine. Boron 
pentasulphide is a white crystalline powder of sp. gr. T85, and m.p. 31H) ; it # is 
hydrolyzed by water into boric acid, hydrogen sulphide, and sulphur, and resembles 
the trisulphide in its behaviour with alcohol, the excess of sulphur separating in 
the free state. It dissociates into the trisulphide and sulphur when heated to its 
m.p. in a vacuum, and is decomposed in a similar manner when heated with mercury 
or silver, a sulphide of the metal being formed. It is converted by aq. potassium 
hydroxide into potassium borate and polysulphidc, and is acted on by chlorine at 
a low temp, with the formation of an unstable crystalline substance. If the indi- 
viduality of boron pentasulphide be established, it would indicate that boron can 
function as a quinquevalent element. 
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§ 26. Boron Sulphates 

According to G. Gustayson , 1 boron chloride or bromide reacts with Hulphur 
trioxide in a sealed tube at 120 °: 2BCl 3 d-4S0 3 — 3 S 0 2 Cl 2 +B 2 0 3 .S 0 3 . The white 
product was not analyzed ; ft reacts with water, forming boric and sulphuric acids, 
and when hcuted in a platinum dish, sulphur trioxide is evolved, and boric oxide 
remains. The compound has the composition B 2 0 3 .S0 3 , and it may be regarded as 
boryl sulphate, 0 : B.O.B : S 0 4 , or S0 2 (0B0) 2 . Neither R. F. d’Arcy nor A. Pictet 
and G. Karl could obtain a compound of sulphur and boron trioxide by heating a 
mixture of the two in open vessels ; but the latter obtained boryl sulphate by heating 
a mixture of boron and sulphur trioxides in a sealed tube at 1 15°~120°. By working 
at 230 boryl disulphate, B 2 0 3 .2S0 3 , or B0.0.S0 2 .0.S0 2 .0.B0, is formed, and 
mixtures of the two are obtained at intermediate temp. Both compounds are 
colourless, amorphous, bulky, brittle, hygroscopic substances, which have no definite 
m.p., do not fume in moist air, but dissociate when heated, leaving eventually residues 
of boron trioxide. They dissolve in water, yielding soln. of boric and sulphuric acids. 
Boryl disulphate reacts with alcohol to form alkyl borates and alkyl-sulphuric acids. 

1L Bauer and «f. Gyiketta prepared what appeared to be boryl sulphates, 
M'(B0)S0 4 , under the trade name borol, by gradually adding an oq. of boric acid to 
an oq. of a fused metal hydrosulphate- e.t /. KlhS() 4 , or NaHS0 4 - and heating the 
mixture to .W ; or bv similarly heating a mixture of sulphuric acid, a borate, and 
a metal sulphate : 

N,) 4nV Hn U <OH- 2H =° I SW «<ONa° 

Sodium borylsulphate, Na(BO) 8 (> 4 , is soluble in water, and the soln. has an acid 
reaction. The salt contains less boron than boric acid, but has greater antiseptic, 
properties than the oq. boron ; and it has been recommended as a depilatory for 
hides and skins. 

According to H. Davy , 2 boron dissolves in hot sulphuric acid with a slight 
effervescence, forming a black liquid, which gives a black precipitate with potash-lye. 
The product has not been further studied. L. Gmelin found boric oxide or acid 
readily dissolves in sulphuric acid, especially if heated, forming a viscid colourless 
mass from which boric acid separates on standing. H. Schiff found that water 
precipitates boric acid or boric oxide. V. Morz stated that a substame with the 
composition 5B 2 0 3 .2S0 3 .2H 2 0, or 5B 2 0 3 .2H»S0 4 , is produced by melting equal parts 
by weight of boric acid and cone, sulphuric acid, and then warming the product to 
250°-280° so as to volatilize the excess of sulphuric acid. A transparent glass is 
formed on cooling. If heated to 350°~400°, the product is not decomposed, but in 
some cases nearly all the sulphuric acid was driven off by this treatment. The 
glass becomes white and opaque, on exposure to the air, and moisture is at the same 
time absorbed. Neither R. F. d’Arcy nor 0. Sehultz-Sellae could obtain V. Merz’s 
product, for sulphur trioxide was continuously evolved on a rising temp., and the 
composition of the product is never constant. V. Schultz-Sellac stated that if the 
soln. of boric acid in sulphuric acid be treated with sulphur trioxide, or if boric 
oxide be dissolved in fuming sulphuric acid, crystals separate from the liquid. The 
composition is stated to be B 2 0 3 .3S0 3 .H 2 0, but since sulphur trioxide is evolved when 
the product is melted, 0. Sehultz-Sellae said that the compound is not to be regarded 
as boron sulphate , B 2 (S0 4 ) 3 .H 2 0, but is rather a boryl sulphate , H(B0)S0 4 .jS0 8 . 
R. F. d’Arcy failed to obtain this compound, but he found that a violent reaction 
ensues when finely powdered boric acid is added to a large quantity of sulphur 
trioxide, and the whole mass liquefies. The product was heated to 100° until 
sulphur trioxide ceased to be evolved, and on cooling, a solid separated which when 
dried on porous tiles over sulphuric acid had a comjwsition B 2 O 3 . 6 SO 3 . 3 H 2 O, or 
HsBOs.aSOj,, or B(HS0 4 ) 8 , boron hydrosulpfcate. It is a white solid with a m.p. 
215° ; it dissolves readily in fuming sulphuric acid, and is very hygroscopic. 
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The mineral sulphoborite occurs in the Stassfurt salt beds, and was obtained along 
with anhydrite as a residue in thesoln.of thecarnalliteof Westeregeln. K.ThaddeefTs 
analysis 3 corresponds with 2MgS0 4 .2Mg 2 B 2 0 5 .9H 2 0, or 2MgS0 4 .4MgHB0 3 .7H 2 0, 
hydrated magnesium sulphatoborate. It forms colourless crystals, may be with a 
reddish tint, belonging to the rhombic system with axial rutios, according to H. Buck- 
ing, a : b : c=0*6196 : 1 : 0*8100. The sp. gr. is 2*44 , and the hardness over 4. The 
double refraction is negative, and H. Bucking's values for the indices of refraction 
with sodiuhi light are a— 15272 ; j3— 1*5302 ; and y- 15443. 
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§ 27. Boron Phosphates 

A. Vogel 1 prepared boron phosphate, BP0 4 , by tin* action of a boiling win. of 
phosphoric acid on boric acid. The turbid liquid wus evaporated to dryness, and 
the, excess of phosphoric acid was removed by washing with hot water. (J. Meyer 
heated the mass to redness before leaching with water, otherwise the product biters 
with great difficulty. G. Gustavson prepared the same compound by beating 
boric oxide with phosphoryl chloride, B 2 0 3 | JJPOCIj BP0 4 1 BC1 3 POCl 3 , or boron 
trichloride with phosphorus pentoxide, 2B(’l 3 -f P«0 & - BP0 4 -f BCI 3 .POCI 3 , in a waled 
tube ; the residue should be calcined. Boron phosphate is a white powderwliich cannot 
be fused in the blowpipe Harm*. It is not decomposed by boiling water, or by cone, 
acids, but it is soluble in a boiling soln. of alkali hydroxide. J. Prescher said that 
the attack with a boiling dil. soln. of alkali hydroxide is very slow. According to 
G. Meyer, boron phosphate is decomposed by fused alkali hydroxides or carbonates, 
or by fused sodium chloride. J. Prescher represents the reaction with fused sodium 
hydroxide : BP0 4 -f 3NaOH - NaBO. + Na 2 HP0 4 -f H g 0. When heated with 
sodium, A. Vogel obtained sodium phosphide and a black mass, probably boron 
phosphide. According to G. Meyer, compounds in which boron plays the rule of 
base, are usually chemically inert ; and J. Prescher emphasized the role this insoluble 
compound plays in the analysis of mixtures of phosphates and borates. 

M. Prinvault 2 melted equi-molar parts of boric acid and sodium pyrophosphate, 
and obtained a white mass with the composition 2Na 2 ().B 2 () 3 P 2 0 5 , corresponding 
with sodium borylphosphate, Na 2 {B0)P0 4 . It is decomposed by water or alcohol, 
forming normal sodium phosphate. The corresponding potassium borylphosphate, 
K 2 (B0)P0 4 , was also prepared. 

C. Noller 3 applied the term luneberqite to a magnesium boratophosphati* 
3Mg0.P 2 0 5 .B 2 0 3 .8H 2 0, or Mg(B() 2 ) 2 .2MgH P0 4 .7 H 2 0, found in the gypsum beds 
of Luneberg, Hannover. It also contains 0*7 per cent, of fluorine. The sp. gr. is 
said to be 2*061. It loses no water at 100°, and is soluble in nitric and hydrochloric 
acids. W.Biltz and E. Marcus’ analysis corresponds with Mg 3 (P0 4 ) 2 r75H 3 B(f 3 .6H 2 0. 
Dehydration curves show that six mols of water are lost at 200°, and the remainder 
is slowly evolved at 600°. Free boric acid is not present, but microscopic examination 
does not determine whether the boric acid and magnesium phosphate are in solid soln. 
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CHAPTER XXXIII 

ALUMINIUM 

§ 1. The History of Aluminium 

Substances with a styptic or astringent taste seem to have been designated tmrrmj/na, 
by the Greeks, and alumen, by the Romans. Herodotus, 1 circa 500 b.c., relates that 
Amasis, King of Egypt, contributed a thousand talents of (TTVTnrjpia to the people 
of Delphos as a subscription to enable them to rebuild their temple which had been 
destroyed by tiro ; and Dioscorides, near the beginning of our era, mentioned a 
number of places from which the mineral invtrrqpia could be obtained ; and he 
indicated several varieties, some of which were used in dyeing and in medicine. 
Aulus Gellius narrates that in the war between the Mithridates and the Romans, 
N7 B.c., General Archelaus made a wooden turret fireproof by smearing it over with 
alumen, so that all Sylla’s attempts to set it in flames proved abortive. The use of 
alumen for fireproofing wood is mentioned later by H. J. Weoker, and by A. Mar- 
cellinus. Pliny also said that a white variety of alumen was used for dyeing bright 
colours, and a dark variety for dark colours ; and that alumen is coloured black 
by the juice of the pomegranate. This may be regarded as showing that iron 
was probably present in alumen. Such information as the scholars have gleaned 
from the ancient writers agrees with the assumption that the different varieties of 
alumen were more or less impure mixtures of aluminium and ferrous sulphates. 
The derivation of alumen is unknown ; some obtain it from oXfig ; others from 
aUippa ; Isidorus’ suggestion that alumen vocatur a luminc, quod lumen coloribus 
prmtat tingendis— alumen is so-called from lumen because it gives brilliancy to dyeB 
'—is improbable. 

Pliny said that in his time Egyptian alum was accounted best ; and, according 
to J. P. do Tournefort, and M. G. A. F. Choiseul-Gouffier, the island of Milo was 
celebrated on account of its alumen. According to Strabo, and Diodorus Sicculus, 
the islands of Lipari and Stromboli contained so much a lumen that the Romans 
derived a considerable revenue from the export duty. It is not known when the 
salt now called alum was discovered, but it was no doubt obtained from the East. 
This alum was regarded as a species of the ancient alumen , and since the new alum 
was better fitted for general use, the name was soon restricted to it alone. In his 
De inmtiyatione imujvilerii , the, presumably, twelfth -century Geber spoke of an 
blumen gtaciale obtained from Rocca, the son of Serapion, who lived after Rhazes; 
Geber was acquainted only with the impure crrvwrr/piaof Dioscorides, and J. Beck- 
mann, therefore, inferred that the purer form of alum was not known before the 
thirteenth century. The Italians first procured their alum from the Levant, and 
when these countries were captured by the Turks, the Christians were compelled to 
purchase alum from their enemy. From F. B. Pegolotti, a writer of the fourteenth 
century, it appears as if the Italians at that time knew only the Turkish alum. 

The Italians learned how the salt was manufactured at Rocca di Soria, but the 
location of this place is not clear. C. Niebuhr suggests that it is probably Edesea 
in Mesopotamia. Edessa was also called Roha, Raha, Ruha, Orfa, and Roccha. 
The new alum was at first called rocca, a term which the French altered to alun 
de rocht , the English into roche alum nr rock alum, and the Germans— e.g. 
M. B. Valentinus— Rotzalun, As V, Biringuccio has remarked, the origin of the 
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term rocca is not known. J. C. Scaliger refers it to a Greek term, because the salt 
was extracted from a rock alumni nt}mm ; M. Mercatus said that alum acquired 
the name rocca from the alum rocks near Tolfa ; while G. W. von Ijeibniz said that 
alumen rocca was the kind first obtained from Korea di Soria, and the name was 
afterwards given to ever}' good species of alum, just as the purer varieties* of alum 
to-day are called Roman alums. , 

P. Bellon has given a description of the alum- works about Constantinople in the 
fifteenth Qmtury ; and he said that in commerce, the alum was called alumen 
Ijesbium or alumen di Metelin. Another alum- works flourished in the fifteenth 
century near Phocsea Nova, i.e. Fova Nova near Smyrna. F. B. Pegolotti has 
given a description of the Eastern alum-works of the fourteenth century. According 
to A. Baume, M. Dueus referred to alum from Smyrna, and the mode of manu- 
facture was described as follows : 

In Phocis, whieh lies closo to Ionia, there is a mountain abundant in aluminous mineral. 
The stones found on the top of this mountain are first calcined in the (iro, and then reduced 
to powder by being thrown into water. The water, mixed with that powder, is put into a 
kettle ; and a little more water being added to it, and the uholo having been made to boil, 
the powder is lixiviated, and the thick part whieh falls to the bottom in a cake is preserved ; 
what is hard and earthy is thrown away os of no uso. The cake » afterwards suffered to 
dissolve in vessels for four days ; at the end of whieh the alum is found in crystals round 
their odges, and the bottoms of them also are covered with pieces and fragments of hkn 
nature. The remaining liquor, which at the end of four days does not harden, is poured 
into a kettle, moro water and more powder are added to it, and l>eing boiled as Indore, it 
is put into proper vessels, and the alum obtained m this mannor is preserved us an article 
very necessary for dyers. 

J. J. Pontanus, P. Bizaro, A. Giustiniano, and 1). Bottom* state that, alum was first 
manufactured in Europe by Bartholomew Perdix or Pernix in the island of Ischia 
about 1460. The earlier date, 1284, given by G. Targioni-Tozzetti, is wrong. An 
alum- works, north-west of Tolfa near Civita Vecchia, was founded by John di Castro 
between 1460-70. Pope Pius II. said : alumen dc Tolpha primum fossum at in 
Italia ; and he has given a minute history of the discovery ; he also reported that 
a statue was erected with the inscription “ John di Castro, the Inventor of Alum.” 
It has been stated that the evergreen prickly shrub Ilex a({\i\folium induced John 
di Castro to search for alum since he considered this plant an indication of fhc 
presence of alum ; but, as P. S. Boccone and G. Targioni-Tozzetti haVe pointed out, 
the plant does not always grow on alum soils, and it grows on soils where there Ts 
“ not the slightest trace of alum.” The Church derived a great revenue from the 
alum here made. A number of other Italian alum-works are mentioned by 
A. Baccius, V. Biringuceio, etc. ; they worked in competition with the Tolfa factory, 
owned by the Church, but finally had to close. According to N. It. Fermosini, 
religion was employed as a medium to extend the trade, for a papal bull was issued 
by the pontiff at Rome forbidding the people to purchase alum elsewhere ; even 
threats of excommunication were made against transgressors. A. Cesalj)inus has 
described the manufacture of alum at the alum-works of Pope Pius II. at Tolfa. 

F. Bussi said that over 800 persons were employed, and he added that the alum was 
made in the following manner : 

The stones were first calcined in a furnace ; a large quantity of water was then thrown 
over them, and when they were dissolved, the water was boiled in great leaden cauldrons ; 
after which it was poured into wooden vessels, where, evaporating by degrees, 4he result 
was alum of the moat perfect kind. 

According to V. Biringuceio, an alum-works was erected at Almacaron near 
Carthagena in Spain. Spanish alum- works have been described by D. G. Bowles, 
and J. Dillon. J. Beckmann says that alum was made at Oberkaufungen (Hesse) 
in 1554 ; at Commotau (Bohemia) in 1558 ; and at Langenau (Glatz) in 1563. 

G. Agricola also mentions several other German works. According to G. Jars, 
an alum-works was erected at Andrarum (Sweden) in 1630. According to A. Ander- 
son, the first alum- works in England was erected at Gialwrougb (Yorkshire) in 
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1608 T Pennant said that f. Chaloner suspected the presence of alum because 
the trees in the district were tinned an unusual colour. The alum-works Whitby 
and the vicinity have been abandoned in recent years Thc> oriftmai process was 
described by \V. Simpson in his llydroloykal esmyes, with a brief account of the attorn 

work s at Whitby (London, 1670). .. . , , A . 

Tin* alumni of the ancients was not the same as the ordinary alum of to-da} » 
probably the former was aluminium sulphate contaminated With iron su phate, 
while alum is a double salt containing potassium sulphate or an eq. t sulphate. 
Alumen was classed with the vitriols - ferrous and cupric sulphates— so that in 
the thirteenth century alum and vitriol were regarded - by Geber, Albertus Magnus, 
and the alchemists as related substances. In the sixteenth century, Paracelsus, 
in his De generilms salt * , stated that alum differs from the vitriols because it takes 
its corfrtifi from an intermixture of earths, whereas vitriol takes its corpus from the 
intermixture of metallic corpora— whatever that may mean ! In 1684, M. Ettmiiller- 
discovered that alum is obtained by acting on clay with sulphuric acid ; G. E. Stahl, 
1702, and J. Juncker, 1730, believed that the unknown base of alum is a terra cakaria 
because it has the nature of lime or chalk ; H. Boerhaave adopted the same view. 
Twenty years later, F. Hoffmann stated his opinion that the base of alum is a true, 
distinct earth. This view was accepted by C. J. Geoflroy in 1728; by J. Hellot 
in 1739 ; and by J. II. Pott in 1746. The last-named chemist called the base 
ihonichtc Erdf, or lerrr nrgilleuse. In 1754, A. S. Marggraf showed that the earth is 
a definite substance sui ( jmeris quite different from lime, that it is contained in all 
natural clays, from which it can be extracted by sulphuric acid, leaving behind silica, 
so that the purest white clay contains only silica and the earthy base of alum. 


Many chemists hu|>j>osimI that alum earth was a variety of silica. Thus, C. W. Pornor, 
and A. Bailing regarded the earth of alum to l>e silica ; common clay, to be siliceous earth ; 
ami alum, to lie the same earth supersaturated with sulphuric acid. The subject was also 
discussed by U» L. L. de Huffon. (J. K. (A Ntorr, J. K. F. Meyer, and J. (’. Wiogleb. 
C. VV. Scheele, however, showed that in establishing his conclusion, A. Baum£ fused the 
silica with potassium hydroxide in a fireclay crucible, and the alum was derived from the 
clay of the crucible. 


The presence of tin alkali, as well as sulphuric acid and the earthy base, is necessary 
for* the production of alum. 

The early philosophers, It. Boyle, and N. Grew, seem to have adopted the opinion 
tfiat metals could be produced from common earthy substances. J. J. Becher, and 
G. E. Stahl first indicated the relations of the metals to earthy substances. The 
term argil or argil pur was then applied to the earthy base of alum ; but L. B. Guyton 
de Morveau argued that since alum is a scl alumineujr the proper name for the base 
is (thimine ; the use of terms like nrgille and terre argilleux is ronfusing and should 
not be continued. The term aluminr was thereafter employed in France, and this 
was anglicized to alumina in England, while in Germany the earth of alum is still 
called Thonmie. 

Having discovered the acid and one of the bases in alum, it remained to find 
tl\£ second base. G. Agrieola, and A. Libavius stated that the soln. from 
the alum-rock does not crystallize readily unless an alkali is present ; and each 
stated that the general practice was to add decomposed urine to the soln. to facilitate 
crystallization, so that the alum made by G. Agricola, A. Libavius, J. Kunckel, 
and F. Hoffmann must have contained ammonia alum. Later, the urine was 
replaced by potash. Both T. Bergman and 0. W. Scheele regarded the presence 
of potash in alum as an impurity. A. S. Marggraf and G. von Engestrom showed 
that alum contains two bases, and this was further emphasized by A. L. Lavoisier, 
and A. F, de Fourcroy. L. N. Vauquelin, and J. A. C. Chaptal established by analysis 
that potash is an essential constituent of ordinary alum, and that that base can be 
replaced by ammonia ; they also showed that alum can be made from alunite with- 
out adding potash because the alkali base is already present in the mineral. 

In 1758, P. J. Maequer stated* his belief that the earth of alum is more or less 
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distinctly related with the metal earths ; and sooto afterwards, T. Baron showed 
that the base of alum has some analogies with the metal earths, and has no properties 
in common with any other known earths. He then tried all known methods of 
reducing the earth to a metal, but failed. He concluded : 

If I had been fortunate enough to reduce the base of alum to a metal, no otlies argument 
would be needed, and that, which to-day is conjectured would bo a demonstrated fact. 
I am far from regarding the problem as an impossibility. 1 think it not too venturesome 
to predict that a day will come when the metallic nature of the base of aluiu will lie incon- 
testably proved. 

In 1782, A. L. Lavoisier said that it is highly probable that alumina is the oxide of 
a metal whose affinity for oxygen is so strong that it cannot be overcome either by 
carbon or by any other known reducing agent ; and, with prophetic sagacity, he 
added: II scroti possible a, la riyueur quo tonics les substances auxquelles nous 
donnons le nom de ter res , ne fussent quo dcs oxides mctalliques , irrcduchblcs par 
les moyens que nous cmployons. M. de Rupreeht and M. Tondi claimed to have 
obtained a metal from alumina by beating to a high temp, for ,3 hrs., an intimate 
mixture of alumina and charcoal dust packed in a fireclay crucible, and filled up 
with charcoal and covered with a layer of bone ash. A. M. Savarcsi, and 
M. H. Klaproth showed that the alleged metal base of uhimina was really iron 
phosphide. There is a report in some encyclopaedias that in the time of Tiberius 
(11 n.r. to .37 A.u.) a metal was made from clay. It was said that the metal had 
the appearance of, but was lighter than silver, and that it could be wrought like 
iron. This statement is probably founded on a misinterpretation of Pliny 's :J words 
— tide history of silica. 

H. Davy 4 tried to isolate the metal by electrolyzing a mixture of alumina and 
mercuric oxide, but without result; he then passed the current through a fused 
mixture of alumina and potassium hydroxide, and obtained a metallic- deposit- which 
was decomposed by water giving a sola, which contained alumina. The deposit 
was apparently a mixture of alkali metal and aluminium, but he was unable to isolate 
the latter ; similarly with the action of potassium on alumina. By fusing iron in 
an electric arc in contact with alumina, he showed that the iron is alloyed with 
aluminium. He obtained a similar alloy by heating a mixture of alumina, potassium, 
and iron filings. H. Davy added: “Had 1 been fortunate enough to isolate ‘the 
metal after which I sought, I would have given it the name alutntnm ; ” but later 
on, influenced by the argument that the metal should be named after the oxide^o 
that the stem word should be alumin , he used the term aluminum — later writers 
have adopted the more euphonious aluminium. 

B. Silliman fused alumina on charcoal before the oxy-hydrogen blowpipe flame, 
and noted small metallic globules darting and rolling from under the fused mass, 
and burning with a bright light. The globules were presumably aluminium, which 
burnt instantly so that no globules of metal could be obtained. In 1824, 
H. C. Oersted reported that he had isolated aluminium by the action of potassium 
amalgam on aluminium chloride; and distilling the mercury from the product. 
It has been questioned if aluminium, or an alloy of potassium and aluminium, 
was obtained. I. Fogh. however, claims that by this process H. C. Oersted tlid 
prepare aluminium for the first time, and said that it is a metal with the colour 
and lustre of tin ; and exhibited a sample of the metal in April, 1825, before the 
Danish Scientific Society. In 1809, J. J. Berzelius wrote to H. Davy that he had 
reduced alumina by heating it with carbon and iron, but since no reference is made, 
to aluminium prepared by this process in J. J. Berzelius’ later writings, it is assumed 
that he must have found that he had been mistaken. J. J. Berzelius tried to get 
aluminium by the action of potassium on cryolite, but later knowledge showed that 
he used an excess of potassium, and so obtained an alloy which decomposed in 
water ; had he used an excess of fluoride, he would have obtained the metal. In 
1827, F. Wohler obtained the metal as a grey powder by the action of potassium on 
the chloride ; and H. St. C. Devill* obtained the metal by reducing *he chloride 
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with sodium. He also tried reducing aluminium compounds with carbon , and, 
almost simultaneously with R. Bunsen, he isolated the metal by electrolysis. 

The cost of if. St. C. Deville’s early experiments was met by a grant from the 
French Academy of Sciences. In 1855, a large bar of aluminium was exhibited at 
the Palais. de I’lndustrie, docketed with the sensational name V argent de largile. 
In 1854, a medal of aluminium was struck and presented to Napoleon III. The 
Emperor hoped to apply such a light metal to the armour and helmets of the French 
cuirassiers, and he authorized experiments to be made on a large scale at hi^ expense. 
Large-scale experiments were made at Javel with the assistance of C. and A. Tissier, 
who were subsequently reproached by H. St. C. Deville with having acted in bad 
faith in claiming patents and with starting a works at Rouen in which Deville/s 
sodium processes were to be applied. H. St. C. Deville had a plant for producing 
aluminium erected at Glaeifere, and this was subsequently removed to Nanterre. 
Other plants were installed at a number of general chemical works. Between 
1859-65, a works used Deville’s process at Battersea (London), and between 1860-74, 
a works used the same process at Washington (Newcastle-on-Tyne). Several 
improvements were made in Deville’s process by J. Webster, II. Y. Castner, etc. 

The first pencils of aluminium made by H. St. C. Deville were obtained by 
electrolysis, but the use’ of a battery as the source of the current was far too costly 
to permit its industrial exploitation. Consequently, H. St. C. Deville confined 
himself to the use of the alkali metals. Meanwhile, great advances had been made 
in dynamo-electric machinery. This gave an impetus to the electrolytic processes 
of R. Bunsen, and H. St. C. Deville. Thus, R. Gratzel in 1883, and E. C. Kleiner 
in 1886, devised industrial electrolytic processes, but these were not very successful 
until C. M. Hall, and P. V. L. Ittroult had developed their method based on the 
electrolysis of soln. of alumina in molten cryolite — ride infra. In illustration of 
the rise of the aluminium industry, the price fell from 1000 francs per kgrm. in the 
spring of 1856 when the metal was a chemical curiosity, to 300 francs per kgrm. in 
August, 1856, to 130 francs per kilo in 1862. In 1895, the price was Is. 5 d. per lb. 
The lowest price in 1913 was £81 per ton, and the highest, £85 per ton ; during the 
war the price in 1917 rose to £225 per ton ; and in 1919, the average price was 
£150 per ton. J. W. Richards’ estimate of the World’s production of aluminium 
in metric tons from 1913-19 is shown in Table I. 


* Tabt,k ].--Thk. World's Production of Aluminium (in Metric Tons). 


\>ar. 

Austria. 

Canada. 

Frame 

U«*rmany.' 

Great. 

Britain. 

Italy. Norway. 

Switzer- 

land. 

United 

StaU>8. 

Total. 

1913 

6.000 

5,916 

15,000 

800 

10,000 

874 . 2,500 

10,000 

29,500 

79.590 

1914 

4,000 

6,820 

1 2,000 

8(H) 

8,000 

937 2.5( H ) 

10,000 

40,500 

84,957 

1910 

2,500 

8,490 

7,500 

2,000 , 

6,000 

904 3,500 

12,500 

45,000 

88,394 

1916 

5,000 

8,800 

20,000 

8,000 

4,000 

1,126 0,000 

15,000 

63,000 

130,626 

1917 

5,000 

11.8( H ) 

, 20.0( H ) 

15,000 

6,000 

1,740 ! 8,000 

' 15,000 

90 700 '173,240 

1918 

8,000 

1 5,( KH ) 

; 20,000 

| 25,000 

14,000 

1,715 7,500 

15.0( H ) 

102,000 |208.215 

1919 

a 

5,000 

1 5,000 

i 15,000 

15,000 

10,000 

4.000 4, 0( H ) 

15,000 

90,000 173,000 
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§ 2, The Occurrence of Aluminium 

Aluminium does not occur on the earth's surface in the metallic state. 
M. Stocker i was wrong in stating that aluminium occurs in shining scales in the 
formations neat St. Austell (Cornwall).* The combinations of aluminium with oxygen, 
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fluorine, silicon, etc., are lavish^ distributed ; they form large mountainous masses ; 
they are the bases of elays and soils. Attempts have been made by F. W. Clarke 
to calculate the average composition of the earths lithosphere, from data furnished 
by A. Harker, A. Knopf, H. S. Washington, etc. Alumina comes second in the list 
showing the relative abundance of the oxides ; silica comes first, and ferrous oxide 
third. 



Igneous rocks. 

Shales. 

Sit), . 

. 59*83 

58*10 

A!,O s . 

. 15*02 

15*40 

F*»i<), • 

. 2*02 

4*02 

FeO . . 

. 3*43 

2*45 


Sandstones. Limestones. Weighted average. 
78*33 5*19 59*77 

4*77 0*81 .14*89 

1*07 0*54 2*09 

0*30 — 3*39 


Aluminium is more abundant than any other metal ; it comprises nearly 8 per cent, 
of the earth s crust. Aluminium is nearly twice as abundant as iron. The average 
elemental composition of known terrestrial matter- including the lithosphere and 
hydrosphere- starting from the most abundant, is; 


Oxygon 

Silicon 

Aluminium 

Iron 


Lithosphere 
(05 per cent.). 
. 47*33 

. 27*74 

7*85 
4*50 


Hjdrosphero Average, including 

(7 per cent.). atmosphere. 

85*79 50*02 

— 25*80 

7*30 
4 18 


Other estimates have been made by J. H. 1. Vogt, J. F. Kemp, etc. Expressing 

, ‘ ata ,n k tl ' r " w of . th, ‘ I><‘rcentagc numbers of atoms in the half-mile crust, ocean" 
and atmosphere, we have : 


53*81 


10*30 


15*87 


Al 

4*08 


Na 

1*72 


Mg 

1*01 


On 

1*40 


Vti 

1*29 


11. A. Rowland'- found the relative order of the intensity of the spectral lines 
of the elements in the sun is K, Fe, H, Na, Ni, Mg, Co, Si, Al Ti (!r The 

subject has been discussed by J. N. Wkyer, and A. Cornu. The ’ fortuitous 
otcumnee of aluminium in old bronzes has lieen examined by E Nauok 
L. (!. Marquart,, and J. J. Noggerath. • mucl *> 

The most important aluminiferous minerals, from the point of view of the 
extraction of the metal, arc bauxite, and cryolite. Native alums usually occur in 
out-of-the-way places, and the dejiosits are eomparativelv small. Some of the 
aluminiferous minerals have so fine a lustre and colour that they are included in the 
hats of precious stones- e.g. the ruby, sapphire, turquoise, topaz, garnet etc. 

andT!a O f ,^r" i ' liU T!KV'hXn 1 rlH I ^' l . UU<> r t J !’ < ’, 0, ' lde, ? : J r ''''"’ lrf ''’'*' Al >°” with «■» varieties ruby 
HU). AJ,(OH),0 , 



spinel (Mg, Fej(A 
gahnite, Zi 

The halide 


KW/airi y 1’e (AW,),; pleonaste or magnesia iron 

ae uui , nufUite, AU* s .H t O ; cryolite, 3 NaF.AlF, • chwlite ANaLMAIP’ ' j*'* 

thomsenohu Altf. v a v uVt ’ , ... * a* .dAl K parchno - 


un/ 8 ,u UH), ; and rabtonite, 3A1|F, OH), (Na M. P H n t ’ ^ TT ’ 
5 N«) A1(S0 4 ) 1 . 1 2H f O ; kalinUe, KAl(S0 4 j, JlsfiJtf! 1 
12H,0 ; mendottte is an impure soda-alum, ideally NaAllSO ) 12 H c?. 4 . (?°*L* 

magnesia-alum, M ? A1(S0 4 )!W 0 ; picr^Uu^nV MgSflSC??^ O ? 

*H l o IO '^j *° f - WOMdr, (Fo6),AI(s6j,?7h!o i filtchnyik^AUSOliom ^aSh!*' 
5H,0 i/swWumm^, Al 1 (SOd(OH),.2Al(OH)' l .IoA,6 ; «momo,t%3MirSO«Al ISO 

4 ^*?.°* A U( S °j)»- 3 5, H iO;ptoin<>rilri(r, (Al, Fe),(Fe, Mg, Ni, Co')f K.'.VaWOH) * 

fatsom&e, or cyanotricJtfc, 

Cu.Al.fOH)., - 
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NaAl(OH),CO,; and melliie, Al t Cj, 0^.1811,0. The phosphates: rntnemle, A1PO* 7H () • 

zssrz. '«*»<: 



Al,(0H),P0 1 .«Hj0 ; eoaphonlc, MnAl(0H),P0,.2H,0 ; rhiUrrnitr, FoAlfOHl.l'O H 0 or 

Al),(Je 0) 4 (PO,).8H,O j 90jWJi(r, AI 10 U ) P,O, 1 .9H,O ; hMmetilr. A] < PbP.O.,.l>H,t) ; 

’ (^). Ca0 H ) Nftj ,P0 { ),, S °,) < . 3 H,0. The usenates: ‘ Jim,},/,. 
2 3 ; n Mn.AI IOHj lA.O,),; lcrmM,t r , or rfoWW/Lr, 

r fflwft/'S ^(r, (Al, KJAsO.AH.O; «„d l.re™,,,*. or r:, 

Cu,AI,(OH) u As0 4 ) s .20H„0. The borates: jrnmrjrjfitr, A1BO. or (AIO)BO. ■ .mil 
rhodmlt , KA1,B,0„ or K(A10),(B0,),. The silicates or alumlnosllleates uu-hide liltmn, 
micas, clays , silUmamtc , cyamte, garnet , etc.-— vn/r tho silicates. 


Many natural waters contain alumina, and particularly those in volcanic districts. 
Thus, C. duPonteil 3 found 0*3546 per cent- of aluminium sulphate, AI->(S() 4 ) 3 , in Ihe 
clear, yellow, very acid water of a hot-lake on White Island (Bay of Plenty, N.Z.) ; 
W. Skey, and J. S. Maclaurin have also analyzed the water from the same locality. 
S. de Luca found 0*335 grin, of alumina per litre in the solfafara waters of Pozzaoli. 
J. B. J. D. Boussingault reported 1G(> parts per 1(KK ) in the water of the thermal 
spring at Paramo de Ruiz (New Granada). W. B. Markownikoff reported 13*27 
per cent, of aluminium sulphate in the salt deposited on the shores of Lake Djouvan- 
Tube (Akmolink Province, Russia). J. K. Crook reported on the aluminiferous 
spring water of the United States : 

Thin substance is found in springs in the form of the oxide, or alumina, and of the 
sulphate. Tt occurs in variable quantities, ranging ftom a mere trace to sixty or eighty 
grains per gallon, as seen in some of tho Virginia alum springs. The sulphate is almost, 
always present in the sulphuretted chalybeate waters, and, as stated above, m tho 
acid springs. The internal use of alum waters is generally governed by those associated 
ingredients. Some of the alum springs have acquired a considerable reputation in scrofulous 
diseases and in chronic diarrhoea and dysentery. Tho iron-alum waters are beneficial in 
passive hemorrhages and in exhausting night-sweats. Locally their astringent action calls 
them into service in much the same class of cases as are benefited by the acid waters. They 
have produced valuable results in conjunctivitis, stomatitis, chronic vaginitis, and ofher 
relaxed or inflammatory states of those portions of tho mucous surfaces accessible to local 
treatment. They have also been found to act as a useful auxiliary in the treatments if 
ulcerated surfaces, abrasions, etc. In large quantities alum waters have a laxative 
influence, but they are seldom used in virtue of this action. 

A. 0. Peale’s report of the composition of the mineral waters of the United States 
shows the presence of up to 226*4 1 grains of alumina per gallon; this quantity 
was reported in the water of the Iowa Acid Spring. U. F. Langworthy and 
P. T. Austen have compiled reports of nearly 5(K) determinations of alumina in 
natural waters in different parts of the world. 

A small proportion of aluminium is found in the ashes of numerous plants, hut, 
so far as is known, this element is not essential for plant growth, and G. Cugiiy 4 
considers that it may be regarded as an accidental constituent. Most soils contain 
traces of aluminium phosphate, and, according to J. Lewitsky, aluminium phosphate 
is slightly soluble in soil soln., and hence alumina is carried into the plant sap and 
distributed to the different parts. L. Ricciardi concluded that the assimilation of 
alumina by the plant does not depend on the percentage of alumina in the soil, 
and that, generally speaking, alumina is most abundant in the trunk and branches, 
leas so in the husks and seeds, and least of all in the leaves. W. Knop said that the 
lycopodiaceae secrete organic acids, and contain oxalic acid which dissolves alumina 
and ferric oxide. D. D. Jackson found that alumina is precipitated from natural 
waters by the crenothrix (bacteria), and that about one-third of the dried organism 
consists of alumina. It is not known how the alumina is combined in the plant. 
H. Yoshida thought that in the laccfUer tree ( rhus vernicefera) alumina*is present 
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An an aluminium arabafcc. H. G. Smith found a deposit of a basic aluminium 
succinate, A1 2 (C 4 H 4 0 4 ) 3 . A1 2 0 3 , in the centre of a silky oak tree (oriles excelsa) from 
Queensland fund he suggested that the alumina was present in the sap as aluminium 
malate. L. N. Vauqudin has stilted that he found aluminium acetate in the sap 
of the birch, lb 1 considered the deposit represented a natural effort to get rid of a 
surplus of alumina not needed by the tree. In the analyses by J. Bell, the alumina 
in the plant ash was reported as aluminium phosphate. 0. L. Erdmann assumed 
that the alumina is free in the ashes of woods and seeds. H. Coupin found that 
the presence of one part of aluminium sulphate in 50,000 parts of distilled water 
is toxic to the roots of wheat, for the plant is injured but not killed. M. Wypfel 
found aluminium chloride to have a toxic effect on seedlings of corn, bean, pea, 
cucurbit, sunflower, beet, and onion, when the plants are watered daily with a 0‘5 
or 10 per cent. soln. A. Chassevent and 0. Richet found that the order of toxicity 
of metal salts on the lactic ferment is : Mg, Li, Ca, Sr, Ba, Al, Mn, Fe, Pb, Zn, Ca, 
Cd, Pt, Hg, Ni, Au, Co. Lists of the occurrence of alumina in plants have been 
given by ('. F. Langworthy and P. T. Austen, by F. Czapek, and by G. Stoklasa. 

A. W, Blythe s is of the opinion that cleaned wheat contains no alumina, and that 
p&rtielos of day and sand*froin the null-stonos find their way into the flour so that no second- 
class flour in commerce is freo from a small percentage of alumina. J. C. Bell reported up 
to 0017 per cent, of aluminium phosphate in the ash of wheat ; up to 0 0204 per cent, of 
aluminium phosphate in tho ash of flour ; and up to 0 011 per cent, of aluminium phosphate 
in bread free from alum. A. H. Allon said that aluminium is a normal constituent of wheat 
in amount corresponding with “ 8 grains in a 4-lb. loaf of bread.” A. Dupr5, M. D. Penney, 

G, L. Teller, J. A. Wanklyn and VV. J. Cooper, G. Wellborn, W. C. Young, C. Councler, 

T. .T, Hempath, and H. Yoshida have reported on the aluminium content of flour. 
A. IMcharnp • found alumina in yeast ; 0. H. La wall, C. G. Wheeler, J. Lormer, H. Watts, 
and G. K. Colby, in hops ; W. Baer, in rape and rape-seed ; E. H. S. Bailey, in corn-cobs ; 
J. T. Way and G. H. Ogston, and C. Counelor, in rye; F. W. Dafert, in panic 
grasses (panicum) ; T. J. Heropath, in oals ; J. Stoklasa, H. Yoshida, J, Lennor, in barley ; 
F. Vielguth, in straw (galium tuollugo) ; and H. Yoshida, in rmllet , rice, and buckwheat ; 
and F. Apoigor, and 0. Hubormann, in maesa picta. J. C. Bell 7 found from 0-05 to 3 850 
jier cent, of aluminium phosphate in the asli of pure grape juice ; and from 0 377 to 3-950 
l>er cent, in tho ash of fermented and unfermented wines. L. Gabba said that wines do not 
contain aluminium in excess of 0*01 per cent. R. Kayser added that tho presence of 
0-3 -<H grain of alummu per Hire in wine cannot safely be token os a proof that alum has 
lieon added because it takes into soln. during its course of manufacture some alumina. 
Tlya is especially the case when the wine has boon cleared with china clay, as some wines 
dissolve small amounts of tho china clay, and hence contain alumina in the form of a soluble 
solt. L. l’Hote, M. Minas, J. Moritz, L. Ricciardi, E. Demargay, W. Hadelich, F. Guerrieri, 
O. F. Waist, E, Rotondi, F. Host ini, etc., havo reported on this subject. The occurrence of alu- 
minium in club mosses (lycopodiacere) has been reported by A. Adcrholdt,* A. H. Church, 
C. Councler, W. Knop, A, Longer, W. F. Salm-Horstmar, H. Ritthausen, G. Solms-Laubach, 
and W, l’feffer ; in cryptogams — mosses, ferns, equisetum, etc. — by A. H. Church, 

U. Murium, and A. Moyer. L. P. Brown,* A. K. Damlxirgis, F. M. Brandt, and 
J. R. Mol). Irby and J. A. Cabell, and A. P. Smith found alumina in tobacco ; 
W. Athonstead, J. H. M. Clinch, and P. Schriddl, in tea ; P. S. Clarkson, in cocoa ; and 

H. Ludwig, in coffee. Aluminium has been reported in sumach by F. P. Dunnington, 10 
and H. W. Harper ; in sassafras, by F. P. Dunnington ; and F. J. Mftlaguti and J. Durocher 
reported analyses of the ash of 115 wild plants. F. P. Dunnington found alumina in 
brvtbn sedge, wire-grass, blue thistle , potato-weed, purslane, ragweed, mullein , dock, and stick - 
weed. Alumina was found in anaita (bit'a) by A. E. Ebert, and A. H. Hassall ; in sarsaparilla, 
by A. B. Griffiths, and H. Ludwig ; in cardanmi, by A. B. Griffiths, and H. B. Yardley ; in 
chine and rhatany, by A. B. Griffiths ; in red pepper, by B. von Bitto ; in pepperwort, by 
H, Trimble and H. J. Schuchard ; in cinnamon, by M. Schtizler ; in kousso (brazera), by 
E, Harms; in lac (rhus vemicefera), by H. Yoshida; in plantain, by E. Harms, and 
J, F. Strawinski ; in chickwed, by E. Harms ; in spurge, by G. C. Wittstein ; in Ophelia, 
by H. H5hn ; in rupture-wort (heminria), by G. C. Wittstein ; in millingtonia, by H. Hollandt ; 
in dog-bdne, by A. Jessler ; in lichens, by W. Knop, C.H. Weigelt, and G. C. Wittstein ; in 
Spanish moss, by S. de Luca ; in mosses {fontinalis), by R. Strobecker, and G. C. Wittstein ; 
in sea-weds, by E. Mitsoherlich, J. Percival, and F. Sestini ; in algos, by K. Petter ; in 
ferns, by C. Struokmann; in buttercups, by G. Ruge 11 ; in dandelions, by C. H. Lawall, 
L. E, Sayre, and M. Wintemitz ; in the poppy, by C. J. H. Warden ; in the golden seal, 
by R. Gaze ; in the primrose, by G. C. Wittstein ; in the heather, by G. C. Wittstein, 
and E. WoKf ; in the shepherd's purse, by F. Daubwwa; in the geranium, by C, H. Lawall; 
in the rhododendron, by T. de Sauasure ; in the pink (dianthus), by R. Andreaach ; in 



ALUMINIUM 


157 


the hyacinth , by A. Tschirch ; in the sunflower, by G. C. Wittatein ; in the 
K. Andreasch ; m the star anue by C. E. Schlegel ; in the cuckoo-pint, by C. Rode ‘ ' (hi 
Virginian creeper, by G. 0. Witte tom ; in the co/cAecw/n or crocus by C. R*, timer • i , 

tho bryony, by C. F.Heller; inthe or sea-pink, by A. Voleker ; in the boletus, by K Fritih 

in poke-weed (phytolactn) , by G. B. i rankforter ; in ivy, by H. Block ; in poison ivy, by J ' Kbit tel ■ 
in aralxa, by W. R. Munroe ; in hemlock, by E. S. Buatin and H. Trimble ; in wdter h mhek' 
t>y R. Glenk ; m wormwood, by C. Eyierte ; in gastrolo^ium bilobum, by H Emus ■ ni 
petalostigma quadriloculare , by C. Falco ; in symplocc ce, by E. Kratzmann • i„ l)V 

E. J. Bevan and C. F. Cross; in hemp, by A. Bobierre; in flax, by R. J. Kmie ■ in ed miss 
(zostera), by E. Baudrimont ; in alfalfa, by M. Bertholot and (3. Andre, and 1* von Gtwpitriu ■ 
in Bermuda grass, convolvulus, lupine, and linden, by M. Berthelot and (3. Andre • in p, a * 
byT. Bromeis ; in red clover and blood-root, by C. H. Lawall ; m yams, by T. ,). Hcramth ■ in 
potato, by C. Councler ; in beet, by C. Eyierte; in the banana, by A. Hebert ; m horse-bean 
and eddoes or taro, by T. J. Herapath ; in tayuya ( trianosperma ), by D. Parodi • stereo caul on 
vesuvianum, by M. Coppola ; in fruit-juices, by K. Kayser; ,a in raspben y, by C F Be/ir- 
strand ; in apple, by C. A. Browne ; in cider, by It. E. Doolittle and W. H. Hess ; m plum 
by W. Tod ; in pomegranate, by E. Spews ; in sloe or black thorn, by E. Schreiner m chern / 
by W. Keim ; in fig, by G. C. Wittatein ; blue-berries, by R. Kayser ; m rhubarb, by 

R. Brandea ; 11 in prickly chaff (aehyranthe.s), by C. J. It. Warden ; m prickly-pear, by 
W. W. Light, and L. Ricciardi; in orange, by 0. Huischke, and L. Ricciardi; in hydrangea, l/v 
C. H. Lawall, and C. S. Bondurant; in colts-foot, by C. S. Bondurant ; in thapsia, by M. Yvon ; 
in antherosperma, by N. Zeyer ; in soya-bean, by H. Yosluda ; m bread-fruit, by L. Ricciardi ; 
in almond, by L. Ricciardi; in chestnuts, by E. Dioterich; in horse-chestnut, by E. Staffel ; 
in paw-paw, by T. Rockolt ; in guaruna, by T. Peekolt, and C. H. Luuall ; in pare tru, by 

F. A. Ringer and E. Brooke ; in truffles, by A. Chatin, 14 and A. Pizzi ; m edible fungus, by 
P. Nettlefold ; in boletus, by J, Wolff ; in morell, by A. Pizzi ; in sycamoie, by C. Councler; 14 
in lilac, by C. Councler, and G. C. Wittatein ; in beech, by C. Councler, and G. 0. Witlatoin ; 
in gentian, by C. Councler ; in bloody-eye, by C. Councler ; in holly, by C. ltoithnor ; m 
adder's tongue , by C. Councler; in mistletoe, by ('. Councler; m com f era ' , by E. S. Bastm 
and H. Trimble, C. Karmrodt, H. Krutzsch, and R. Weber and E. Ebennayer ; in Scotch 
pine, by C. Councler, E. JDemarcay, C. Karmrodt, K. Kroslmg uml G. C. Wittatein ; 
in white pine, by R. Weber and E. Ebennayer; in Scotch fir, by E. Demurely, ami 
(3. Karmrodt; in silver fir, E. Demar^ay ; in eucalyptus, by W. Smith; in oak, by 
E. Demar^ay ; in prickly ash, and in elm, by C. H. Lawall ; in silky oak, by .1. H. Maiden 
and H. G. Smith; in birch, by W. A. E. Witting, and G. C. Wittatein; in poplar, by 
E. Demanjay ; in plane-tree, by G. M. Tucker and B. Tollena ; in hornbean, by E. Domaryay ; 
in myrtle, by J. W. England; in honeysuckle, by J. B. Enz ; in elder, by L. Huber, 
and G. C. Wittatein; in larch, by C. Karmrodt; in laurel, by H. Matusou; in willow, by 
E. Reichardt; in canc sugar, by J. W. MacDonald, 14 A. Pay on, and W. Wallace; m beet 
sugar, by J. W. MacDonald ; in honey, by G. von Bunge ; m corn cockle, by T. Crawfurd ; 
in cockle-burr ( xanthium ), by R. Godeffroy ; in ergot, by J. C. Hermann. G. Rarndohr, and 

S. von Thielau ; in morphine, by L. F. Kebler; in opium, by C. J. H. Warden; in nnchoryne, 
by D. Hooper, G. Lindenmayer, and C. H. Lawall ; in belladonna, by F. Muck, ami 
C. H. Lawall ; in china, by E. Reichardt ; in aconite, by D. von Wasowioz, and C. Jt. Lawall ; 
and in legen, by H. Wefera-Bettink. C. H. Lawall found alumina in c alumba, caslanca, 
chimaphila, calisaya, digitalis, frangula, gelsemium , glycyrrluza, Hydrastis, hyoscyamus , 
jalap, kola-nut, piscidia erythrina, choke-cherry, cascara, ruta herba, sabaddla, and hellebore. 


E. Staffel 17 found alumina in veal and in beef; K. Theile, in egg albumen; 
M. Thezard, in the tibia of an adult mummy from an Egyptian tomb. T. M. Rotcb 
reported 037 per cent, of ferric oxide and alumina in the ash of woman's milk, and 
044 per cent, in the ash of cow’s milk. E. Dietcrich found 1*398 per cent, of alumina 
in the ash of cochineal, and 0. Liebcrmann assumed that carmine is an “ aluminium- 
calcium-protein compound of the colouring matter.’’ A. Hey l found alumiiffi in 
sponge ; J. Mayrhofer, and A. Muntz, in leather ; W. McMurtie, 19*88 per cent, 
of alumina in the excrement of the common bat ; R. Schiitze, in the mantle of the 
phaUustct mamUlaris ; and G. Walter, in the outer covering of the # rotojtleru8 
annectent. 
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§ 3. The Preparation and Production o! Aluminium 

A very largo number of processes 1 have been devised for the production of 
aluminium, but few have attained any industrial importance. Some have been 
worked for a time on a large scale, but have succumbed in the competition against 
cheaper and more economical processes. Some schemes could have been proposed 
only by those possessing an inadequate knowledge of chemistry. The only successful 
process is the electrolysis of a soln. of alumina in a bath of molten fluoride. The 
different methods which have been proposed have usually been the subject of a 
patent ; nevertheless, nearly all have proved to be either chemically impossible 
or commercially impracticable. Consequently, the literature of aluminium pro- 
duction is largely a series of sign-posts indicating : No Thoroughfare. The different 
proposals may be classified : 1. Chemical methods involving reduction with (a) an 
ulkali metal, (b) by some metal other than the alkali metals, and (c) by some 
other reducing agent. II. Electrothermal processes in which the current plays 
the part of heating agent. III. Electrolytic processes including (a) the electrolysis 
of aq. soln. of aluminium salts, or (6) the electrolysis of molten aluminium com- 
pounds. IV. Combination of the electrothermal and electrolytic processes in 
which the heat required for maintaining the charge in a state of fusion is derived 
from the current itself within the electrolytic cell. This idea was filed as a patent 
by C. S. Bradley in 1883, which was granted in 1891. 

The production of aluminium by chemical processes - In 1824, H. C. Oersted 2 
reduced aluminium chloride with a cone, jwtassium amalgam, and distilled the 
mercury from the resulting amalgam in vacuo. F. Wohler failed to verify 
Hr 0. Oersted’s results, but obtained aluminium in the form of a grey powder by 
warming a mixture of potassium and aluminium chlorides contained in a porcelain 
clucible. J. von Liebig passed the vapour of aluminium chloride over potassium , 
and this plan was later employed by F. Wohler. H. St. C. Deville reduced 
aluminium chloride with sodium, and he found that the reaction is facilitated by 
the presence of cryolite which serves as a flux, forming a slag light enough to allow 
the aluminium to collect below. The industrial success of the process depended on 
the cheap production of large quantities of sodium ; the production of purified 
alumina ; and the conversion of the aluminium oxide into chloride. 

In H. St. C. Devillo’s process, a mixture of 220 lbs, of aluminium chloride, 100 lbs. of 
cryolite, and 77 lbs. of sodium was charged into a reverberatory furnace, with a well, and a 
sloping hearth, and at a dull red-heat. The temp, was regularly increased for about 3 lire. 
The slag was first tapped, then the aluminium, and finally a mixture of sodium chloride and 
cryolite containing beads of aluminium was tapped last. Iu 1872, A. Wurtz estimated the 
costs of materials, fuel, wages, and other expenses to be 70-25-80 00 francs per kilogram 
of aluminium. 

H. RoBe obtained aluminium by heating in a crucible a mixture of 5 parte of 
cryolite, 5 parts of potassium chloride, and 2 parts of sodium. A similar process 
involving the reduction of cryolite by sodium was described by A. Dick, C. Brunner, 
M. Heriog, L. Grabau, W. F, Gerhard, J. B. Thompson and W. White, M. Ichon, 
W. Weldon, J. Webster, A. Stevart, M. Rousseau and P. Morin, B. Kosmann, 
W, Anderson, etc. 

A. Diok lined a platinum crucible with magnesia, and introduced alternate layers of 
cryolite ahd sodium, finishing with a thick layer of cryolite. The crucible was dosed 
with a tight-fitting lid, sand heated in the blowpipe flame. There resulted some globules of 
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aluminium. Iron, porcelain, and fireclay crucibles were Sot satisfactory ; in the firet case, 
the aluminium “ seemed to alloy with the sides of the crucibles, which thereby acquired a 
colour like zino ” ; in the other cases, the fluorides attacked the crucibles vigorously. 

M. A. Brogowsky passed the vapour of sodium over the molten cryolite. 11. Rose's 
process was employed for a time by C. and A. Tissier at Amfreville. N. V. Casino r 
improved the method of making sodium, and used sodium aluminium chloride 
mixed with cryolite. The process was employed near Birmingham about 1800. 
C. Netto reduced artificial cryolite by sodium by H. Rose's old process, and it was 
used for a time by The Alliance Aluminium Co., at Wallsend -on-Tv no. L. Grahau 
reduced aluminium fluoride with sodium: 2AlF 3 -f3Na~ A)-}-AIF 3 ,3NaF, and 
recovered the fluoride by treatment with aluminium sulphate : Al 2 (S0 4 ) 3 -{-2Naj,AlF fl 
=4AlF 3 -f3Na 2 S0 4 . A. Feldmann heated a mixture of strontium aluminium 
fluoride with sodium: AloF fl .3SrF 2 4-6Na— 2Al-f-3SrF 2 ~j-6NaF. The strontium 
fluoride is insoluble in water so that the other materials can be washed away, and 
the strontium fluoride used for making more double fluoride. H. St. C. Doville 
tried to produce the sodium and aluminium in one operation by passing the vapour 
from a heated mixture of lime, carbon, and soda into heated aluminium chloride ; 
W. Frishmuth likewise allowed the vapours of aluminium sodium chloride and of 
sodium to react in a suitable reeept&ele. H. D. Gadsden, M. Foote, H. Niewcrth, 
and L. Henne used modifications of the process. 

From their study of the direct reduction of alumina by carbon, R. S. Hutton and 
J. E. Petavol 3 inferred (1) that metallic aluminium can be produced by a purely 
thermal reaction ; (2) that the lowest temp, at which this reaction can take place 
coincides with the m.p. of alumina ; (3) that the metal is first produced in the form 
of vapour. Under ordinary circumstances, however, the metal vapour immediately 
interacts with the carbon monoxide, and to collect the pure metal it is therefore 
necessary (1) to dilute and remove the carbon monoxide, (2) to limit the vaporiza- 
tion of the metal by working under high gaseous press. In this way it has been 
possible to prepare and collect 40 50 gnus, of aluminium. P. Askcnasy and 

N. Lebedoff found that a mixture of alumina and wood charcoal heated in an arc 
furnace at first gives off large quantities of carbon monoxide followed by brilliant 
flames of burning aluminium vapour. If the heating be stopped as soon as these 
appear, the product consists of fused alumina mixed w T ith aluminium carbide and 
aluminium. In the carbon tube resistance furnace, where the higliesttemp. reached 
is not much above the m.p. of alumina, both carbide and metal were formed It is 
thought that aluminium carbide is first formed, 2A1 2 0 3 +9C- Al 4 (' 3 f6CO, and that 
this reacts with alumina, or dissociates at a higher temp, yielding aluminium which 
is probably dissolved by the carbide, otherwise it would distil away ; on cooling, 
the aluminium separates from the soln., and is found side by side with the carbide 
in the cold product. L. Burgess heated a mixture of bauxite ajul carbonaceous 
matter in the electric arc. According to the purity of the material and the propor- 
tion of carbon, the product may be aluminium, the carbide, or mixture of either 
with other carbides or metals. 

W. F. Gerhard claimed to have obtained aluminium by heating aluminium 
fluoride or cryolite to redness in a stream of hydrogen. A. Sehneller and A. Astfalck 
claimed to have obtained aluminium by heating the oxide, fluoride, or chloride to 
the temp, of the electric arc in a stream of hydrogen ; and H. N. Warren passed 
hydrogen over alumina in a tube of lime heated by the oxy hydrogen blowpip* flame. 
L. P. B. E. Cumenge reduced aluminium sulphide with hydrogen. A. L. Fleury 
heated an intimate mixture of alumina and carbon -tar, resin, petroleum—- to red- 
ness in an atm, of a hydrocarbon gas under a press, of 20-30 lbs. per sq. in. 
H. Bessemer proposed reducing a mixture of alumina and carbon by burning gases 
under 3-4 atm. press. T. L. Willson heated a mixture of alumina and tar in an 
electric furnace. J. S. Howard, F. G. Bates, and F. P. Pendleton heated a mixture of 
alumina, carbon, and sodium chloride ; E. Meyer heated a mixture of alkali alumi- 
nate and carbon, sawdust, or carbohydrate, Various modifications of thfc process 
VOL, V. 



162 


INORGANIC AND THEORETICAL CHEMISTRY 


for reducing aluminium sulphide with hydrocarbons or carbon have been suggested 
by D. A. Peniakoff, H. F. D. Sehwahn, D. G. Reillon and co-workers, G. A. Faurie, 
W. Iliibel, etc. D. G. Reillon, S. ('. Montague, and 0. L. B. L. Bourgerel, and 
T. Petitjean reduced aluminium sulphide, or sodium aluminium sulphide, with 
hydrocarbon gases. N. Lebedeff fluxed alumina with fluorspar or cryolite, and 
exposed the molten mass to t hydrogen or hydrocarbon gas. J. W. Richards’ experi- 
ments in this direction were fruitless. In 1854, M. Chapelle claimed to have 
obtained globules of metal from an intimate mixture of natural clay, sodium chloride, 
and carbon contained in a fireclay crucible heated in a reverberatory furnace with 
coke as fuel. J. W. Richards has suggested that M. Chapelle’s metallic globules 
were siliceous iron reduced from the iron oxide in the clay. W. Hempel expressed 
his doubts whether alumina can be reduced by carbon in a purely thermal reaction. 
11. Moissan, and VV. Borchers noted the formation of aluminium carbide and 
aluminium at high temp., and the former assumed that it is the vapour of alumina 
which is reduced by carbon. E. Ticde and E. Birnbrauer give 1800° for the reduc- 
tion temp, of alumina by carbon. 0. Kndfler and H. Ledderboge made a mixture 
of alumina and c arbon into rods which were used as electrodes for an electric arc 
in vacuo or in an atm. of an indifferent gas. J. M. A. Gerard-Lescuyer used a some- 
what similar process, h. Duvivier reduced disthene between carbon electrodes in 
the electric arc furnace. G. W. Reiner stated that the mass obtained by heating 
a mixture of soda or potash alum with carbon contains an alloy of aluminium 
and the alkali metal, and that the latter can be removed by dil. nitric acid. 
W A. Baldwin heated a mixture of bauxite, carbon, and sodium chloride, and then 
incited the resulting sodium-aluminium alloy with sodium chloride to separate the 
aluminium. N. Lebedeff reduced the sulphide with carbon. 0. M. Thowless 
obtained aluminium by heating a mixture of aluminium chloride, chalk, eoal, soda 
and cryolite in a closed vessel ; S. Pearson, .1, Liddon, and ,1. H. Pratt likewise 
heated a mixture of cryolite, bauxite or clay, calcium chloride or carbonate, and 
coke or anthracite. It. E. Green heated a mixture of aluminium fluoride or cryolite 
with carbon and a silicate, contained in a carbon crucible in an atm. of coal mis • 
AlFj.aNaF-pSiO.. hijHs Al-f-Na fNa,SiK„ j-2H 2 0. S. Pearson, A. W. Turnerfand 
W Andrews claimed to have made aluminium bv heating aluminium silicate with 
onilf " uoru * t, » and an aIkttIi carbonate or hydroxide. I). G. Reillon, 
S. 1. Montagnt, anil 0. L. B. L. Bougerel heati‘d a mixture of clay and carbon in 
an atm of a hydrocarbon and carbon disulphide. G. A. Faurie heated a mixture 
ot sulphur, clay, and carbon to redness ; carbon disulphide is first formed, and 
finally aluminium. J. Morris claimed to have obtained aluminium by heating an 
intimate mixture of alumina and c harcoal in an atm. of carbon dioxide. S. A. Tucker 
and H R. Moody reduced alumina with calcium carbide in an electric furnace • 
Ga( 2 +Al 2 () 3 2AI |-2GO-f-Ca() ; and H. S. Blackmore, and P. R. Hershman 
with aluminium earbidr, Al 2 () 3 f Al 4 ( V-= «Al-f SCO. E. Straub described a process 
involving the reduction of alumina with aluminium carbide. 

F. (J. Knowles proposed to reduce a mixture of alumina and aluminium chloride 
V th «r sodium cyanide; I. L. Bell tried a similar process but obtained 

j * (or , h< ‘ at(ld a mixture of aluminium sulphate with sodium 
chloride and potimnimferrocyanide in a crucible to a white heat. H. St C Deville 
obtained no satisfaction with this process, and the button of metal probably con- 
mated chiefly of iron. r J 


L. P. B. E. Gumenge 4 heated aluminium sulphide with alumina or aluminium 
sulphate in a non-oxidizing atm. The proportions employed are such as to produce 

°^/i /‘qaTTam ^n 8 Ulp i" d i 0iidc : A1 2 8 s +2A1 s 0 s = 6A1+3S0 2 ; and A1 2 8 j 
- pAl g (»U 4 ) 3 — 4Ai-f6p0 2 . It is also claimed that aluminium sulphate can be used 
with other metal sulphides to produce alloys: Al 2 (S0 4 ) 3 +3FeS=6S0 2 -f2A1.3Fe. 
J. Malovich applied his process for barium to aluminium. G. Gin described a pro- 
cess m which a molten mixture of aluminium and sodium sulphides formed by 
melting together aluminium fluoride and sodium sulphide: 6Na 2 S-f-4AlF, 
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—2(AlF3.3NaF)4-3Na 2 S.Al2S3, was electrolyzed. In the first stage of the reaction 
3 N a 2 S . A 1 ;»&) - 3 Na 2 S f 3S -} 2 A 1 , and the liberated sodium sulphide attacks the double 
fluoride, forming more double sulphide ; finally, 3Nu 2 S j 2(A1F.,.3 NhF) 12NaF 
1-38+ 2A1. T. Pet it jean, and M. Herzog suggested reducing aluminium sulphide with 
iron or hvdrocarbons. F. Lauterborn said that aluminium sulphide is reduced bv iron 
at a red heat. W. A. Baldwin, G. Bamberg, G. H. Billings, L. Q. Brin, F. C. Calvert 
and R. Johnson, A. Che not, E. Cleaver, J. H. H. Corbin, L. J\ B. E. Cumenge, 
M. Faraday and J. Ktodart, M. Griiner and M. Lan. t 1 . T. Holbrook, A. Ledebur, 
M. Lohage, A. Mann, H. Niewerth. P. Ostberg, S. Pearson and J. H. Pratt, 

F. G. Reichel, C. E. Schafluiutl, J. A. Stephan and It. Southerton, W P. Thompson, 
etc., have dealt with the production of iron-aluminium alloys. 

L. P. Deva uce lie made an alloy of zinc or copper by heating aluminium sulphide 
with an excess of one of these metals A. Mann reduced aluminium sulphide with 
zinc, iron, or copper : 2AlCl ;i }- AloS ;1 { 3CaCL-}-fiCu- fiCuCL f 3CaS | 1A1. E.L.Ben- 
zon, P. Bolley. L Q. Brin, F. C. Calvert and R. Johnson, L. P. B. E. Cumenge, 

G. A. Faurie, W. Hampe, K. last, F. G. Reichel, etc., have studied the reduction 
of aluminium compounds with copper, and the production of aluminium-copper 
alloys. N. N. Beketoff could not reduce the vapour of aluminium chloride by the 
vapour of zinc, although silicon chloride is readily reduced. H. St. C Deville said 
that a mixture of zinc and sodium aluminium chloride detonated at a white heat. 
.VI. DuIIo found the reduction by zinc presents no difficulty, although it is less easy 
than with sodium, and N. Basket stated that “ all the metalloids and metals which 
form, by decomposition, more fusible or more soluble chlorides than aluminium 
chloride may reduce it or even sodium aluminium chloride. Thus, arsenic, bismuth, 
copper, zinc, antimony, mercury, or even tin, or an amalgam of zinc, tin, or antimony 
may be employed to reduce the single or double chloride." F. Flavitzkv found 
that zinc is quantitatively displaced by aluminium from zinc chloride The reaction 
is probably reversible. The*proeess has been discussed by H. Wedding. Processes 
for reducing aluminium salts by zinc have been devised by F: J. Seymour, 
L P IVvuui elie, L P. B. E Cumenge, F. Lauterborn, A. Mann, J. Clark, G Bam- 
berg, S. van Oldruitenborgh, R. do Montgclas, etc. A. J Rogers said that the 
molten cryolite is reduced bv an alloy of sodium with lead or tin more easily than.by 
sodium alone ; and A. E. Wilde obtained aluminium by heating an intimate mixture 
of lead or lead sulphide and dried alum. The Aluminium Product Co. reduced 
aluminium chloride with tin. W. Weldon claimed to produce aluminium by heating 
the chloride or sulphide with manganese or spiegelcisen and adding a little sodium 
to promote tin* reaction. W. H. Greene and W. H. Wahl noted the converse reaction, 
for manganese is obtained by the action of aluminium on a soln. of manganese 
oxide in molten cryolite. N. N. Beketoff said that magnesium reduces molten 
cryolite ; C. Winkler obtained what he regarded as a suboxide, A10, by the action 
of powdered magnesium on heated alumina in an atm. of hydrogen. R. Griitzel 
reduced alkali aluminium fluoride by metallic magnesium or magnesium vapour, 
and R. de Montgclas reduced aluminium chloride with magnesium. B. Kosmann 
reduced cryolite with magnesium, or in the presence 0 f magnesium chloride under- 
going electrolysis. F. Lauterborn heated a mixture of antimony , sodium carbonate, 
and aluminium sulphate, in a coke furnace. In the first stage of the reaction : 
2Sb 2 S3-F6Na20O3-l-3C=:6Na2S~b9CO2H-4Hb ; and in the second stage: 
2Al2(S0 4 )3-f-6Na2S-F4Sb-Fl2C-4Na 3 Sb83-H2(:0+4Al. F. Fischer addWl that 
these extraordinary formula) have little or no basis in chemical science ; they are 
false. J. W. Richards obtained negative results. L. Grabau was not very successful 
in an attempt to reduce aluminium salts with phosphorus , although he did get an 
aluminium-phosphorus alloy. M. Wanner suggested reducing molten aluminium 
fluoride with the extraordinary reagent silicon sulphide. 

The electro-deposition of aluminium from aqueous solutions of its salts.— 
Z. Roussin 5 said that magnesium does not precipitate metallic aluminium /rom soln. 
of its salts, but J. W. Richards added that aluminium is so precipitated but instantly 
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oxidized by the water ; thus ft Kern found that aluminium hydroxide appears 
when magnesium is immersed in aq. soln. of aluminium salts. F. Wohler could get 
no aluminium by the electrolysis of a soln. of cryolite in an aq. soln. of sodium 
hydroxide ; nor did H. St. C. Deville obtain any metal by the electrolysis of aq. 
soln. of aluminium salts. On the other hand, F. S. Thomas and W. E. Tilley electro- 
lyzed a soln. of freshly precipitated alumina or alum in a soln. of potassium cyanide, 
and claimed to have deposited aluminium ; and L. F. Corbelli said that he deposited 
aluminium by electrolyzing a mixed soln. of alum or aluminium sulphate and cal- 
cium or sodium chloride ; G. Gore said that he electro-deposited aluminium on 
copper from a warm dil. soln. of aluminium hydroxide in hydrochloric acid ; from a 
sat., aq. soln. of potash alum ; from a cone. soln. of aluminium acetate ; and from 
a cold, filtered soln. of pipeclay in hydrochloric acid. A. Bertrand electro-deposited 
aluminium on a copper plate from a soln.-nf ammonium aluminium chloride ; T. Ball 
used a soln. of potassium aluminium chloride ; and patents have been obtained by 
J. Braun, L. and A. Brin, H. C. Bull, C. A. Burghardt and W. J. Twining, S. Coulson, 

R. A. Falk and A. Schaag, M. G. Farmer, W. Frishmuth, W. F. Gerhard and J. Smith, 
A. F. B. Gomess, A. II. Harris, J. S. Haurd, J. A. Jean^on, J. Marino, R. de Mont- 
gclas, G. Nahnsen and J. Pfleger, G. von Overbeck and H. Niewerth, M. Rietz and 
M. Ilerold, A. J. Rogerd, L. Senet, A. Walker, H. N. Warren, S. Wohle, etc. Several 
of these processes have been challenged by F. Wohler, and II. St. C. Deville. 
J. Nickk's said that in some cases the precipitated metal is not aluminium ; 
F. Fischer showed that J. Braun mistook a deposit of cupric sulphide for 
aluminium. G. Gore, also, in his later work, makes allusion to his 1854 process. 

S. Micrziiusky claimed that in 1883, the electro-deposition of aluminium from 
aq. soln. had not been accomplished ; and W. Hampe, A. Watt, C. Winkler, and 
J. T. Sprague have recorded their failure to deposit aluminium eleetrolytically 
in the wet way. W. A. Plotnikoff found that aluminium is deposited on the carbon 
cathode when a soln. of aluminium bromide in ethyl bromide is electrolyzed; 
H. E. Patten confirmed this result, using platinum as well as aluminium electrodes! 

The electro-deposition of aluminium from molten aluminium salts.— In 1808! 
H. Davy 6 applied his method of decomposing the alkali hydroxides to alumina, but! 
owing to the weakness of the available current, lie obtained no aluminium ; in 1810,' 
however, he (lid succeed in producing an alloy of aluminium and iron by fusing iron 
to # whitenesH in the arc in contact with alumina. He thus showed that alumina can 
be decomposed in the electric arc, and its metal alloyed with iron. R. Bunsen first 
obtained aluminium by the electrolysis of fused sodium aluminium chloride, con- 
tained in a partitioned, porcelain crucible using carbon 
electrodes, and similar to the apparatus which he 
employed for magnesium. At low temp., the aluminium 
was obtained as a grey powder, but by working at a 
higher temp., with sodium chloride also present, beads of 
the metal were obtained. H. St. C. Deville decomposed 
fused sodium aluminium chloride by electrolysis about 
the same time as R. Bunsen. He used the apparatus 
illustrated by Fig. 1. A porcelain crucible, 1), is fitted 
inside a fireclay crucible E. The fireclay cover B has, 
apertures to admit a strip of platinum K to serve as 

Fro. 1.— H. St. C. Devillo's ^ a l 10 "™ cel ‘ ^ containing a carbon 

Cell for tho Electrolysis ?!! 0( f A ' , ihe P° roelam crucible and porous cell are 
of Sodium Aluminium same level with fused sodium aluminium 

Chloride. Chloride, and the current is passed. Aluminium deposits 

on tho cathode. H. St. C. Deville used a similar bath for 
plating metals, particularly copper. He said ; 

A bath of double ohloride, which has been entirely purified from foreign metallic matter by 
the action of the battery itself, is used. When aluminium is being deposited at the negative 
pole, the first portions of metal obtained are always brittle, the impurities in the bath being 
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removed in the first metal thrown down ; so, when the inetal deposited appears pure, the 
piece of copper to be plated is attached to this pole and a bar of pure aluminium to the 
positive pole. However, a compact mixture of carbon and alumina can be used instead 
of the aluminium anode, which acta similarly to it and keeps the composition of the bath 
constant. The temp, ought to be kept a little lower than the fusing point of aluminium. 
The deposit takes place readily and is very adherent, but it is difficult to prevent it being 
impregnated with doublo chloride, which attacks it the moftient tho piece is washed. The 
washing ought to be done in a large quantity of water. Cryolite might equally as woll be 
used for this operation, but its fusibility should be increased by mixing with it a little double 
chloride of aluminium and sodium and somo potassium chloride. 

H. lc Chatelier patented a very similar process, using a mixture of alumina and 
carbon for the anode, as recommended by H. St. 0. Deville. M. G. Farmer used the 
containing vessel with walls electrically conducting so as to serve as cathode. 
J. P. Kagensbusch electrolyzed a fused mixture of clay with fluxes and zinc or like 
metal so as to obtain an alloy of aluminium. H. M. A. Berthaut electrolyzed a 
fused mixture of equal parts of cryolite and sodium chloride. A. Feldmann ob- 
tained better results by adding a little calcium oxide to the electrolyte. The elec- 
trolysis of molten cryolite has been studied by E. C. Kleinert, A . J. Rogers, A. Zdziar- 
sky, I. Omholt, J. W. Richards, M. Gauduin, J. Garneri, C. A, Faure, etc. W. Diehl 
showed that in the presence of alkali chloride, chlorine is evolved at the anode, and 
the spent electrolyte can be reconverted into a double aluminium fluoride by adding 
alum : 7NaF-f-2kAl(S0 4 ) 2 ~ NaF.2AlF 3 f-K 2 S0 4 -j 3Na 2 80 4 . A. Minet electrolyzed 
a mixture of sodium chloride with 37 ‘5 per cent, of cryolite fused internally. The 
bath was replenished from time to time by the addition of aluminium fluoride. The 
method has been discussed by W. Borehers ; and the electrolysis of a fused mixture 
of cryolite and alkali chloride by W. Hampe, and 0. Schmidt. Modifications of the 
process have been described by L. Grabau, M. J. Berg, L. Lossier, R. Gratzel, 
H. de Grousillicrs, F. J. Tone, F. Haber and R. Geipert, M. Sprenger, F. A. Gooch 
and L. Waldo, J. L. E. Daniel, etc. A. Feldmann used double fluorides of 
aluminium and the alkaline earths, magnesium, or zinc in j^lace of alkali 
aluminium fluoride'. 

A. H. Bueherer, 7 electrolyzed the product obtained by melting a sulphide or poly- 
sulphide of the alkalies or alkaline earths with alumina or aluminium hydroxide ; 
and M. M. Junnigen electrolyzed the double sulphide obtained by # passing carbon 
disulphide over a molten mixture of alumina and alkali carbonate. A. Winder 
electrolyzed fused aluminium phosphate or borate. A. Julien proposed to electrolyze 
a soln. of alumina infused sodium chloride, fluorspar, alkali silicate, sodium borate, 
or boric acid ; and M. Blasi, a bath of a soln. of alumina in fused baryta. 

The electro-deposition of aluminium from a solution of alumina in fused 
cryolite. — -In 188b, P. L. Y. Ileroult 8 obtained aluminium by the electrolysis of 
a sola, of alumina in fused cryolite contained in a crucible heated from without. 
Attempts to manufacture aluminium by the electrolysis of a bath of the fused halide, 
externally heated have not been successful. It is difficult to procure a suitable con- 
taining vessel to resist the corrosive action. If the crucibles contain silica, then the 
deposited metal is contaminated with silicon derived from the silica dissolved from 
the containing vessel. Compressed coke crucibles are too porous ; metal vessels do 
not stand against the corrosive action. This difficulty was overcome by generating 
the necessary heat for fusing the electrolyte within the containing vessel. The same 
year, C. M. Hall likewise proposed to electrolyze a soln. of alumina in fused cryolite. 
For the purposes of the American patent, C. M. Hall was able to cite Feb. 23, 1886, 
as the date of the invention and putting into practice, while P. L. V. Heroult cited 
April 23, 1886, as the date of his French invention. As a result, C. M. Hall received 
the^American patent on April 2, 1889. He claimed : 

Dissolving alumina in a fused bath composed of tho fluorides of aluminium and a metal 
more electropositive than aluminium, and then passing an electric current through the fused 
mass. Dissolving alumina in a fused bath composed of the fluorides of aluminium and sodium 
and then passing an electric current, by fnoans of a carbonaceous anode, through the fused 
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Flu. 2. Cell for tho KloctrolyHiH of a 
Solution of Alumina nt Fused Cryo- 
lite (Diagrammatic). 


The lessen in fluorine are made good by additions of aluminium fluoride ; and 
fresh alumina is added to the bath, to make up for that which has been reduced to 
aluminium. The later forms of the two processes are the same in principle. In 
both processes, the current not only performs the work of electrolysis, hut also 
melts the electrolyte, and continually makes good the losses of heat due to radiation 
and conduction. There are Ynodifications in the composition of the bath, and in the 
form of the cells, in different works. Furnaces 
have been devised by L. Grabau,3. Neumann 
and H. Olsen, M. Schindler, E. C. Kleinert, 

L. Lossier, li. J. Henderson, etc., and the 
subject has been discussed by J. W. Richards, 

M. Kuss, B. Kosmann, R. J. Henderson, 
VV. Borchers, A. Lodin, etc. In general, the 
baths are made of wrought-iron, and the walls 
are coated with solid electrolyte which protects 
the iron from corrosion by the melted electro- 
lyte. Home baths have a carbon lining but it 
is then difficult to prevent the molten electro- 
lyte working its way through the capillary 
pores. The bottom of the bath is covered 

with carbon plates, Fig. 2, which serve as cathode until they are covered with 
aluminium, when the metal itself acts as cathode. 

1 he leads of the anode are screwed on an insulated support so that they can be 
lowered as they are burnt by the anodic oxygen, and as the resistance of the 
bath varieH, Air circulates about the bath so that a crust of electrolyte freezes on 
the surface inside. A tapping hole allows the aluminium to be run into moulds 
from time to time. Water-cooled cathodes have been tried ; but the objection is 
the attack of the metal by the electrolyte, thus introducing impurities into the bath. 
I he carbon anodes are costly, since almost three-fourths as much carbon is consumed 
by anodic oxygen as aluminium is produced approximately AU) 3 f 3C-3CO-f 2A1. 
lhe anodes are also burnt by atm. oxygen. The anodes must contain very little 
impurities other than alumina, or the bath, and subsequently the aluminium, will be 
contaminated. . 1 hi' manufacture of the anodes has been described by W. Claeher ; 
amt the best form of anode has been investigated by F. Bock. 

G. H. Bailey and R. Seiigman have shown that the consumption of carbon, in 
practice is much less than is represented by Al 2 0 3 -f 3C-3C1H2A1, assumed by 
[7 Jj* ‘Bcmirds F. Haber, etc., to represent the main reaction. According to 
* ' - J; Bailey, the composition of the anode gases corresponds more nearly with 
-AM*, (-Jt -1AI ! 3CO ? . With normal anode consumption, the temp, of the bath 
emg l)4o , R. Seiigman found the anode gases to contain C0 2 , 45 0; CO, 43‘6 ; 
2 , 0 o , and 10 per cent. The nitrogen present does not account for the 
presence of carbon dioxide as burnt carbon monoxide. It is therefore assumed that 
le alumina itself is electrolyzed so that the aluminium is liberated at the cathode 
artt oxy gen at the anode, and the oxygen then unites with carbon to form carbon 
monoxide and carbon dioxide. Some of the carbon monoxide burns to carboy 
(lioxide m contact with air. The composition of the anode gases is therefore 
I* u l )on k v mp.. current density, physical character of anode, rapidity with 
c .8 a8 !-‘ 8 . Hrv removed from contact with the anode, etc. A. Minet suggested 
, a , l ““! nuu “ M ( ,* rat ed at the cathode is really produced by the decomposition 
o e a uminium fluoride, and that the fluorine liberated at the anode attacks the 
alumina, reforming fluoride and liberating oxygen : AhOx-j-F-AbF+Oi- but this 

hypothesis has been abandoned. 

AUmiina alone melts at so high a temp, that a solvent must be obtained. Cryolite 
melts a little below 1000°. The fusibility of the cryolite is lowered by the addition 
ot other fluorides— aluminium fluoride, or calcium fluoride. F. Haber says that the 
temp, ol the bath should be kept as low as practicable, fluctuating between 900° and 
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1000°, but never exceeding 1065° ; J. W. Richards gave 9O0°-950° for the bath temp. 
The effect of fluorspar on the m.p. of cryolite as found by P. Pascal and A. Jouniaux 
is shown in Fig. 3 ; there is a eutectic at 905° containing 25 4 per cent, of fluorspar. 
Mixed crystals are formed with 205 and 50 per cent, of fluorspar. The effect of 
calcium fluoride on the m.p. of cryolite has been determined by P. P. Fedbtieff and 
W. Ijinsky, and by N. A. Puschin and A. Baskoff. Pig. *6. P. Pascal ami A. Jouni- 
aux found that alumina lowers the m.p. of cryolite from 977° to the eutectic at 904° 



Per cent, fluorspar Per cent Al z 0 s Per cent 


Fie. 3. Melting Points of Fio. 4. - Melting Points of Fiu. 5.- Melting Points of 
Mixturesof Cryolite and Mixtures of Alumina and Mixtures of Alumina and 
Fluorspar. Cryolite. Fluorspar. 

with 24 per cent, of alumina— Fig. 4. Mixed crystals occur with 20 and 29 per cent, 
of alumina. R. Lorenz and co-workers place the eutectic at 937°- 938” with 32-33 
molar per cent, of alumina ; and M. Moldenhauer, at 880° with 20 per cent, alumina. 
Similarly, P. Pascal and A. Jouniaux state that alumina lowers the m.p. of fluorspar 
from 1361° to the eutectic at 1270° with 26T) per emit, of alumina — Fig. 5. Mixed 
crystals with 20 and 28 5 per cent, of alumina are formed. P. Pascal and A. Jouni- 


Al t 0 s M,0 S 



Fio. 6. — Liquidua of the Ternary System: Fio. 7.— Solidus of the Ternary System : 

Cryolite, Fluorspar, Alumina. Cryolite, Fluorspar, Alumina. 


aux studied the m.p. of the ternary system containing cryolite, alumina, and fluor- 
spar. The liquidus system is shown in Fig. 6, and the solidus system in Fig. 7 ; 
the contour lines arc drawn for each 50° difference of temp. The eutectic in Fig. 6 
at 868° has 593, 230, and 17 7 per cent, respectively of cryolite, fluorspar, and 
alumina. The mixed crystals composing the ternary eutectic in Fig. 7 contain the 
percentage amounts cryolite, fluorspar, alumina as 77:16:7; 60 : 15 ; 25 ; and 
34 : 54 : 12 . 
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J. W. Richards found the sp. gr. of solid and liquid commercial aluminium to 
be 2*66, and 254 ; of commercial cryolite, 2 92 and 2 08 ; of commercial cryolite 
sat. with alumina, 2'90 and 2*35 ; of commercial cryolite with aluminium fluoride 
3NaF.Alf :j f-2AlF ;J , 2 % and 197 ; and of the same mixture sat. with alumina, 
2*98 and 214. The sp. gr. of cryolite at ordinary temp, is greater than that of 
aluminium, so that if this condition were maintained at the temp, of the bath, the 
metal would float on the molten flux. At the temp, of elctrolysis, however, the 
sp. gr. of the metal is the greater, and it accordingly collects at the bottom of the cell. 
P. Pascal and A. Jouniaux’s data are : 

<>58 ’ 082 ’ 740 * 802 " 868 ° 025 ’ 1000 ® 

8p. gr. Al . . 2-40 2 45 2 43 2*41 2*39 2-37 2<85 


Molten cryolite has a point of maximum density at 995°, when the sp. gr. is 2 22. 
Thus, 


8p. gr. oryolite 


072 ’ 078 ’ 005 " 1003 " 1032 " 1001 ° 1083 ° 

2 185 2*203 2*220 2*209 2 189 2*154 2*102 



Fin. 8, -Npoeifie dmvitios of Ternary Mix- 
tures of Oryolite. Fluorspar, mid Alumina 
at 950° 


The sp. gr. of cryolite is decreased by the addition of silica, and increased by the 
addition of fluorspar ; the sp. gr. of ternary mixtures of cryolite, fluorspar, and 

alumina arc shown graphically in Fig. 8. 
K. Arndt and W. Kalass have investi- 
gated the conductivity of soln. of alu- 
mina in molten cryolite. 

J. W. Richards said that the sp. 
resistance of the. electrolyte is 3 ohms 
per c.c., and estimated the decomposi- 
tion voltages of the constituents of the 
bath to be approximately 4 7 volts for 
sodium fluoride, 4*0 volts for aluminium 
fluoride, and 2*2 volts for alumina. 
Assuming that these values are correct, 
alumina will decompose first. If high 
current densities be used, sodium will 
he liberated, and fluorine may be 
liberated at t he anode if the proportion 
of alumina in the hath be very low, or 
the current density be high. There are so many difficulties in preventing the baths 
from clogging, becoming discoloured, and ceasing to operate properly that the 
production of aluminium by electrolysis on a laboratory scale is difficult. One 
difficulty is due to polarization at the anode owing to the formation of a film of gas, 
whioh reduces the current so much that the bath freezes. If a higher voltage be 
used, the bath is heated locally, and the aluminium is oxidized. This is prevented 
% some extent by using an anode with a largo surface area. The production 
of aluminium on a small scale has been studied bv F. Haber and R. Geipert, 
M. do K. Thompson, B. Neumann and H. Olsen, N. A. Puschin, E. Dischler and 
M. Maksimenko, H. H. Richardson, etc. The current consumed by the cell is 
approximately 10,000 amps, at 5*5 volts, and the current density at the cathode is 
100 amps, per sq. dm., and about 500 amps, per sq. dm. at the anode. For the 
plant examined by F. Haber the current efficiency was 71 per cent. ; the voltage, 
6*5 ; the current, 7520 amps. ; the yield of metal, 43*1 kgrms. per 24 hrs. ; and the 
energy consumption 23,000 kilowatt hours per ton. The chief losses are due to the 
formation of a metal fog which diffuses from cathode to anode, resulting in a regenera- 
tion of alumina at the anode ; there are also losses due to short circuiting between 
anode au3 cathode. * 

Electro- thermal processes for aluminium alloys. — The brothers E. H. and 
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A. H. Cowles® showed that if alumina be heated with carbon and a metal oxide, 
an alloy of aluminium with the metal is obtained -- e.g. cupro-aluminium. Several 
modifications of the furnace were proposed. The mixture is heated by passing a 
current through the mixture A, Fig. 9, to be heated via carbon electrodes (\ C. The 
reaction is thermic not electrolytic, for, said B. Kosmann, the electric current is 
utilized by its conversion into heat by the resistance* oilered ; pure electroylsis is 
either absent, or occurs to so small an extent as to be inappreciable. W. Borchers 
has described a number of these resistance furnaces. That shown in Fig. 10 has two 



Flu. 9, —A. H. and E. H. Cowles’ Fiu. 10. — W. Horchor'n Resistance 

Resistance Furnace. Furnace 


carbon rods A, A fitted with a thin carbon pencil Ji between them. This lies in the 
axis of a paper cartridge filled with the mixture to be heated — say clay, carbon, and 
copper oxide. This is covered over with coarse carbon powder. The circuit VC 
is closed, and in a few minutes a copper aluminium alloy is formed. E. Viel made 
fcrro-aluininium alloys by a somewhat similar process. J. H. J. Dagger, 
W. P. Thompson, C. F. Mabery, and T.S. Hunt have described E. H. and A. H. Cowles’ 
processes for making aluminium alloys. 

The impurities in commercial aluminium. -A. Salvetat 10 analyzed Dcville’s 
aluminium in 1856, and found that it contained copper, iron, silicon, and traces of 
lead as impurities. J. W. Mallet found traces of sodium and titanium. 0. L. Erd- 
mann found zinc to be present. In 1868, C. F. Rammelsberg reported 0 7 per cent, 
of silicon and 4 6 7'5 per cent, of iron in a sample of commercial aluminium ; and 
in 1876, W. llampc found (H to ID per cent, of silicon, 13 to 1*4 per cent, of iron, 

0 2 per cent, of lead, 01 to 0 4 per cent, of copper. Analyses of tin? metal prepared f 
by the sodium process have also been given by C. H. Hirzel, C. Karmarsch,*etc. 
H. Moissan found that electrolytic aluminium contained iron and silicon, O' 1 percent, 
of carbon, and some nitrogen. Numerous analyses of modern aluminium have keen 
published, since it is the fashion to give the, analysis of the material used in descrip- 
tion of the physical and chemical properties of the metal. First-grade aluminium 
contains 99 per cent, or more aluminium, and the second-grade metal 98 to 99 per 
cent, aluminium. The chief impurities are iron and silicon. Thus (L II. Bailey 
quotes analyses of 18 samples with 95'48 to 99' 65 per cent, aluminium ; 0 029 to 
3'22 per cent, of iron ; and 017 to 0’64 per cent, of silicon. Two of the samples 
had 0 09 to 0*116 per cent, of sodium ; and four samples 0 30 to 3'70 per cent, of 
copper. R. Seligman and P. Williams quotes five samples with 0’14 to 1*3 per cent, 
of iron ; 0*13 to 14 per cent, of silicon ; and in one sample there was 0*3 per cent, 
of copper. R. L. y Gamboa, and 0. Boulanger and J. Bardet found galliunfin 
specimens of aluminium and of bauxite. J. Czochralsky found traces of aluminium 
oxide, and carbide in the commercial metal. Virtually no sodium, aluminium 
sulphide or phosphide was present. 

The purification o! aluminium. -H. St. U. Deville found that ferruginous 
aluminium can be partially purified by a kind of liquation. To free the metal from 
sodium and slag, the molten metal was kept fus< j d in contact with air for a long time 
and the surface film was skimmed off. Fusion under potassium polysulphide 
partially removes some lead, copper, and iron. He obtained the best results by 
fusing the metal with nitre in a cast-iron crucible well oxidized itself by nitre on the 
inside. W. Diehl claimed to remove iron by fusion with sulphur ; P. E. Placet used 
potassium dichromate and permanganate ; and U. J. J. le Verrier said that he reduced 
the silicon in a sample of aluminium from 0 81 toO'57 per c«nt. by fusing the metal 
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under a layer of alkali fluoride, A. G. Betts, and The Pittsburg Reduction Co. tried 
electrolytic methods of purification. H. St. C. Dcville, and C. and A. Tissier cleaned 
tho surface of aluminium by washing it first with an aq. soln. of potassium hydroxide, 
and then with nitric acid vide etching aluminium. J. W. Mallet in his Revision 
of the atomic weight of aluminium (1880) started with commercial aluminium con- 
taining 96 - 89 percent, of aluminium, 184 per cent, of iron, and 1‘27 percent, of 
silicon. This was treated with liquid bromine, and the resulting aluminium bromide 
purified by fractional distillation repeated until the product was perfectly colourless, 
and dissolved in water without leaving any perceptible impurity. The bromide 
was reduced by treating it in a crucible made of a mixture of alumina and sodium 
aluminate. On analysis, the metal gave no weighable impurities. E. Strasser 
treated the molten metal with the vapour from nitric acid. F. and W. Mylius 
purified aluminium by fractional freezing of the molten metal; the first portions to 
crystallize are the purest. 

(). Ohmann 11 prepared aluminium wool. J. Billitzer, F. Ehrenhaft, T. Svedberg, 
and D. Zavrieff made Colloidal aluminium. The last-named failed with G. Bredig’s 
process (2. 23, 10), but he succeeded by placing two electrodes of aluminium 01 mm. 
apart in a vessel of water, and passing a current from an induction coil fed by 
1 .» -20 amps, at 120 volts, and having a spark 20 cms. long— the coil was in circuit 
with a large condenser. The colloidal soln. could be kept nearly a month without 
flocculation. (. H. Hall studied the electrical precipitation of finely divided 
aluminium 
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§ 4. The Physical Properties of Aluminium 

F. Wohler, 1 and J. W. Mallet likened the colour of compact aluminium to that 
of tin. C. Karmarsch said that the colour of commercial aluminium resembles that 
of platinum and comes between that of zinc and of tin ; and II. St. C. Deville, 
that the colour has rather a bluer tinge than silver. J. W. Richards says that 
aluminium has a blue tinge after it has been worked or polished. The blue is also 
more pronounced the greater the amonnt of impurity the metal contains. A 
specimen with 10 per cent, of silicon and 5 per cent, of iron was almost as blue as 
lead. The metal prepared by F. Wohler’s process appears as a dull grey powder 
which acquires a metallic lustre when rubbed with a burnishing tool. M. Faraday 
obtained films of aluminium by deflagrating the metal by the Leyden battery and 
catching the vapour on glass plates. In reflected light the film is white and 
metallic ; in transmitted light it is dark brown, bluish-brown, and occasionally, in 
the thinner parts, orange, A. W. Wright heated aluminium foil in an evacuated 
tube, by means of an electric discharge, and obtained a mirror of sublimed metal 
which appeared brown in transmitted light ; J. A. Fleming likewise obtained a 
blue film. Very thin aluminium-leaf is violet-blue in transmitted light. Accord- 
ing to H. Moissan, the vapour of aluminium is greyish-blue ; and, according to 
W. L. Dudley, greenish-blue. According to J. W. Richards, purified aluminium 
has no odour, but the metal with over one per cent, of silicon exhales the 
odour of silicon hydride, and similar to that which proceeds from cast-iron. 
The smell of second-grade aluminium is best detected immediately after a brisk 
rubbing ; purified metal has no taste, but the impure metal seems to taste like 
cast-iron. 

No allotropic form of aluminium has been observed. Aluminium, said J. W. 
Mallet, has a crystalline fracture, and that of the cast ingot being slightly fibrous. 
Mechanical work makes the fracture more fibrous; and, added 0. Karmarsch, the 
fracture is more fine-grained the more the metal has been mechanically worked, fn 
conformity with R. Hooke’s seventeenth century observations of the crystalline 
characters of the metals, aluminium cast from the liquid state is an aggregate of 
allolriomorphic (aXkoTpux;, strange ; pop<f>rj, form) crystals since the shape of each 
crystal is determined by the crowding of the neighbouring crystals ; no uho- 
morphic (*8109, characteristic) crystals, which have developed their characteristic 
form without being disturbed by other crystals, have been obtained. H. St. 0. Deville 
said : 

Aluminium often presents a crystalline appearance when it has been cooled slowly. 
When it is not pure, the little crystals which form are needles, and cross each other in a#* 
directions. When it is almost puro it still crystallizes from fusion, but with difficulty, and 
one may observe on the surface of the ingots hexagons which appear regularly parallel along 
lines which centre in the middle of the polygon. It is an error to conclude from this observa- 
tion that the metal crystallizes in the rhombohedral system. It is evident that a crystal 
of the regular system may present a hexagonal section ; while, on the other hand, in pre- 
paring aluminium by the battery at a low temp., I have observod complete octahedrons 
whioh were impossible of measurement, it is true, but their angles appearod equal. When 
a large mass of molten aluminium is slowly cooled, and the fluid interior poured out, 
distinct octahedrons may bo observed. Surface depressions are found in an ingot of com- 
mercial aluminium where the metal has solidified last. There are numerous dendrites in 
these depressions, and these pass gradually into the normal granular structure. On the 
sides and base of the ingot where it has cooled in contact with the mould, leaf-like dendrites 
stand up above the surface ; they represent the first points of solidification. W. Campbell 
showed that the structure is best examined by casting the metal on a smooth cold surface — 
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obtained by casting the metal ° * ' [*“ 1 ru | e only ono quadrant of the dendrite reached 

axes at right angleH to one anotbc , « >d “ ™ “J , of a piece of aluminium to 

ass saraaS,wasar*4L . —>— * 

rtnmd wtn the metal was prepared by the electrolytic i~ X-: radio- 
}iv a W Hull W L Bragg, F. Kirchner, H. Bohlin, b. Kinne, A. 
oZ andd. a Preston," V. K<*&, K. Becker and F. Ebert, W H Bragg, 
N Uspensky and H. Konobejewsky, and P. Scherrer show that the unit structure 



' Fhih. 11 and 12. Crystals showing on the Surfaces of Cast Aluminium. 

of the aluminium crystal is that of a face-centred cube of side 404: to 4 05 A. with 
an atom of aluminium at each corner, and one at each face of the cube. The closest 
approach of the atoms is 2*35 A. S. Nishikawa and (}. Asahara, If. Mark and 
K. Weisaenbcrg, and M Kttiseh and eo- workers studied the effect of rolling and 
annealing on the X radiogram of aluminium. H. C. H. Carpenter and (’. F. Elam 
also prepared crystals of aluminium with a face-centred cube lattice. According to 
W. L. Bragg, the radius of the atomic spheres is 1*35 A. K. F. Slotte gave 6*0 X 10~ 9 
cms.forthe edge of the mol. cube of solid and liquid aluminium. (’.Davisson and 
C, H. Kunsman made observations on the structure of the atom. (\ J. Smithells 
jound the fracture of single crystals to be of the wedge type. 

Commercial aluminium lias not the high degree of purity of commercial copper, 
and may contain about 99*2 percent, of aluminium ; the impurities are mainly iron 
and silicon. While the structure near the surface of an ingot is dendritic, the 
internal structure is allotriomorphic, and the one type of structure passes more or less 
abruptly into the other. According to B. J. Anderson, 2 the grains of aluminium, 
with any oopper present in solid solu., and iron as iron aluminide, FeAl 3 , segregate at 
the grain boundaries, and the silicon, when free, appears to be inter- and intra- 
granular. Both F. J. Brislee and R. J. Anderson believe that aluminium loses 
its crystallino structure when cold worked, and becomes amorphous. The former 
said : 

Microscopic examination of polished and etched specimens taken at various stages of cold- 
working sh'owB that the crystallino structure disappears at a very early stage of the working, 
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ond unless the metal is annealed, it will become fatigue®, developing a species of Forcier • 
krankfirit. Aluminium which has been subjected to excessive cold-working shows an entire 
absence of structure, and has the amicarancp of the metal which has flowed and passed into 
a vitreous amorphous state. . . . No modification of the customury methods of polishing 
and etching revealed elongated crystal boundaries such as are visible in other worked 
metals. 

Au contraire , H. C. H. Carpenter and ('. F. Elam followed the gradual elongation 
of the crystals from the cast ingot during the process of rolling ; the metal finally 
appears to be a mass of parallel fibres running in the direction of the rolling. “ The 
crystals in the cold-rolled sheet are so flattened out as to resemble the leaves of & 
book.” A section cut transversely to the direction of rolling “ woyld cut these 
leaf-like crystals in such an irregular manner that the structure revealed on etching 
would be very difficult to interpret.” The idea that the cold-worked metal is 
amorphous is mainly due to difficulties in etching the metal. A. (1. C. (Jwyer, and 
W. Rosenhain do not believe that the metal becomes amorphous when severely 
deformed ; although the latter thinks that the distorted grains in the highly deformed 
metal may not be accurately described as crystals, and that there must hi* a large 
proportion of disarranged — amorphous matter. 

J. W. Mallet said that highly purified aluminium is less hardened by working 
metal which is less pure. When aluminium is strained slip-liands are formed, but, 
according to R. J. Anderson, no twin- 
ning has been so far observed as the 
result of direct mechanical strain. 

The slip-bands are produced by a 
sliding or slipping within the crystals, 
and they make themselves evident 
as fine straight or curved lines on 
the faces of individual crystals sub- 
jected to a stress exceeding the elastic 
limit. Fig. 13 (xlOOO) shows the 
slip-bands in 97 per cent aluminium 
developed by the deformation of the 
polished m<*tal etched with sodium 
hydroxide. Two sets of bands are 
developed within individual grains, 
and they cross one another at an 
angle approximately 65°. Slip-bands 
are to be distinguished from the so- 
called Neumann-bands which are out- 
crops of mechanically twinned lamelhe 
formed by deformation. 

Tho preparation of aluminium for microscopic examination haw l>eon descrilxxi by 1). Han- 
son and S. L. Arehbutt, 0 F. Hudson, K. J. Anderson, etc. Sodium or potassium hydroxide 
-in 010 to 20 per cent. soln.-is a common etching liquid; H. C. H. Carpenter and 
(\ A. Edwards used 10 percent, sodium hydroxide. The tarnished surfaces, due to carlxijj*, 
aceous matter, sometimes obtained are then cleaned with 60 per cent, nitric acid, or with 
chromic acid as recommended by W. Rosenhain and S. L. Archbutt. H. C. H. Carjientor 
and C. F. Elam preferred an alcoholic soln. of sodium hydroxide diluted with water until 
a stream of bubbles rises from all over the surface ; followed by a 1-2 per cent. soln. of 
hydrofluoric acid. F. J. Brislee recommended hydrofluoric acid - in 10 to 16 per cent. soln. 
— the darkening of the surface is cleared by a few seconds’ immersion in cone, nitric acid. 
Hydrofluoric acid tends to develop a pitted surface. 

The hot-working of aluminium leaves the metal in a more or less strained con- 
dition since the finishing temp, is not usually high enough to effect the self-annealing 
of the metal. In the manufacture of sheet-aluminium, the metal is first worked hot, 
and finally rolled to gauge when cold. Z. Jeffries and R. S. Archer gave 150° as 
the lowest temp, at which the rccrys^allization of the cold-worked metaj has been 



Fro. 13. Slip-hands in Aluminium (Etch; 
NftOH; XlOOO). 
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observed. H. 0. H. Carpenter rtid C. F. Elam found that the recrystallization of the 
cold-worked metal is excessively slow at 200°, and very rapid in the neighbourhood 
of 600°. Recrystallization is very incomplete after eighteen months’ heating at 
200°, and the new crystals are confined to the surface of the metal sheet. There is 
a gradual blurring of the original boundaries of the flattened crystals. In the early 
stages of recrystullmtion between 250° and 300°, new crystals appear at the old 
boundaries; these crystals 'appear white, the old un-reorien ted crystals appear 
tarnished. An hour's heating at 600° produced large polyhedral crystals which were 
approximately equiaxial although there was a Blight tendency for them to be slightly 
elongated in the direction of rolling. The elongation of the new crystals in the 
direction of the rolling is more pronounced in the metal annealed, say at 250 o -300°, 
than it is in the metal annealed at 450°-600°. G. Tammann found that the size 
of the crystals decreases as the temp, is raised, reaching a minimum between 
300° and 5(H) J , and after that the size increases with temp. Fig. 14 (x50), by 



Fm. 14.— Altotriomorphio Crystals of Annealed Aluminium (Etch: HF; magnification x 50) . 


R. .). Anderson, shows the appearance of 
annealed by four hours’ exposure at 505°. 


an etched surface of aluminium 


A» a result of (lie work of 0 Chappell on iron, of 0. H. Mathewaon and A. Phillip, 
a-brnss, and of II. ( . II. Carpenter and (!. F. Elam on aluminium, and an alloy 


. . ... - e . , ‘ . . «‘ u *utuiuiu, aim an an 

of tin with 1-6 per cent of antimony, it is concluded that the rccry.tallization of 
strained metal, does not take place as a result of the general disintegration of the 
distorted crystals. H. <\ H. Carpenter and 0. F. Elam inferred ; 


(1) Noither crystal growth nor rwrystalliaat ion will tako nkce unlo*. th* mQ *„i u 
•objected to plastic detonation in tho absence of a change of phj, a„d th"n^i 

*0 * certain minimum temp, for a certain minimum time U 

(2) The effect of work depends on the amount of deformation and rauit* in a 

tion of twins, or slip-bands, or both followed ; (i) neither by growth nor ?° due * 

cr y s ‘ t ^K I 2 3 4 ‘Owth on heating ; norjiil) by ^^^W^ion^d I gr^^onheating 1 

(3) The degree of deformation wluch will produce these effects depends on thl 

The higher Urn temp, the less the required deformation. The effeota piSducM b/defoS 
Uon are limited in extent, and depend on the amount of deformation; the anneaLr 
and the period of heatmg. ® > 

(4) Recrystallization begins in crystal ^ of old distorted crystals or in twin 
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Wumlaries. It start* from a fow points ami gradually spreads imliseriininatoly through the 
pass growing into the crystals iu contact with the boundaries. The now crystals may 
Exhibit twinned forms. No preference for growth in crystal boundaries or in twinning 
)lanes could be detected. 


| (5) Recrystallization is always followed by the growth of reoriented crystals into one 

^mother. Crystals can both grow and lie grown into at the same tune. A large crystal does 
■Hot necessarily invade a small one with which it is m contact. A largo crystal can grow' 
the expense of a small one, and conversely, tlrowtli uluttys occurs by boundary migra- 
tion, not by coalescence. Neither similarity nor diversity of orientation ulfocts the grow th 
of one crystal into another. The size of the crystals when equilibrium is attained may 


vary within wide limits. 


A. Sauveur, W. K. Ruder, C. Chappell, Z. Jeffries. and I). Hanson showed that 
if a metal be locally deformed ami then heated, the largest crystals are produced 
at some distance from the point where the stress is most severe. R. Seligman and 
}\ Williams, and 0. Tummann and Q. A. Mansuri made some observations on the 
growth of the crystals. H. G. H Carpenter and C. F. Elam found that if the metal 
be locally deformed the largest crystals are always formed at the minimum stress 
requisite, to produce growth ; and the lower the temp, of heating, the greater the 
stress required to produce the largest crystals obtainable at that temp. It was 
suggested that the mechanical deformation supplies the energy for crystal growth, 
and that heat permits only those changes to take place which deformation has 
rendered possible ; consequently the more the crystals are strained the greater the 
energy they possess. They found that as deformation increases the size of the 
crystals diminishes, because growth starts from more instead of fewer centres. 
Heating aluminium of WH> per cent purity to 55<G for six hours, then subjecting it 
to a load of 2 l tons per sq. in., and annealing the metal by raising its temp, from 
150 1 to 5f>0 ' at the rate of l.V 20 per day, and finally heating for one hour 
at b()U', sometimes gave pieces containing only one crystal. E. von Gomperz dis- 
cussed this subject. E. Rassow and L. Velde represented the relations between 


the average grain-size of the alio- 
triomorphic crystals of aluminium 
expressed m mm., the annealing 
temp., and the amount of cold-work 
expressed as a percentage reduction 
in the height of cm. cubes under 
compression, by means of a three 
dimensional diagram, Fig. 15. 
E. Wetzel also studied this ques- 
tion. E. (_'. Bain and Z. defines 
investigated by X-radiographie 
examination whether deformation 
is accompanied by a rotation of 
crystal fragments or by the pro- 
duction of new orientations, and 



came to the latter conclusion. 


M. Ettisch and co-workers say that the crystallites in soft wires are arranged 
irregularly, and those in hard-drawn wires regularly. E. von Gomperz made wires 
of single crystals of aluminium. The alleged deterioration of aluminium after 
repeated melting was shown by W. Rosenhain and J. D. Grogan to be due to 
the progressive contamination of the aluminium by other materials. K. Borne- 
mann and F. Sauerwald found that the application of press, did not increase 
the grain-size during the annealing. 

The specific gravity of aluminium is very small in comparison with that of 
ordinary metals, being nearly one-third that of iron ; wt. for wt,, t herefore, aluminium 
occupies three times the vol. of iron, or vol. for vol., iron is nearly three times 
as heavy as aluminium. J. W. Mallet 3 gave 2583 for the sp. gr. of the highly 
purified metal at 4°. The less pure metal usually has a higher sp. gr.* but the 
VOL. V. *4 K 
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increase is not proportional # to the amounts of impurity present. According to 
J. W. Richards : 


I A1 


. 97-60 

96-93 

94-16 

78-00 

Composition <8i 


. 0-60 

2-01 

4-36 

1600 

(Fe 


. 1-80 

206 

1-48 

4-00 

8p. gr. calculated 


. 2-61 

2-61 

2-69 

2-66 

8p. gr. observed 


. 2-736 

2-800 

2-764 

2-85 


The calculated sp. gr. is always less than the observed, showing that a contraction 
occurs on alloying. Silicon has a smaller sp. gr. than aluminium. Assuming the total 
volume of impure aluminium is equal to that of the pure metal, it follows that the 
aluminium can be alloyed with several per cent, of iron and silicon and yet decrease 
in volume. According to F. Wohler, the sp. gr. of cast aluminium is 2*50, and 
that of the hammered metal is 2 67 ; II. St. C. Deville gave respectively 2*56 and 
2*66 for the cast and rolled metal; C. Karmarsch, 2*730 2*769 for commercial cast 
aluminium, 2*77 for thick sheet, and 2*708 for thin sheet. W. H. Barlow gave 
2*688 for aluminium bars ; E. Madelung and It. Fuchs, 2*7080 ; II. Buff, 2*664-2*667 
for aluminium wire between 6° and 9" ; and C. II. Hirzel gave 2*75 at 4*5° for the 
hammered metal. /\ll this shows that the mechanical working of aluminium 
increases its sp. gr. J. D. Edwards and T. A. Moormann found that excessive cold 
work lowers the sp. gr. ; thus, the sp. gr. of a sample of 99*5 per cent, aluminium 
drawn into wire, of No. 10 gauge, was 2*703 before annealing, and 2*7063 after 
annealing. G. W. A. Kahlbaum and E. Sturm found 2*713 for the sp. gr. of com- 
mercial aluminium ; 2*703 for the metal, free from silicon, annealed at 470°, and 2*699 
for the same metal cold- worked - all the data in vacuo at 20°/4°. F. C. A. H. Lants- 
berry gave 2 6995 for the cold-worked metal and 2*7030 for the annealed metal. 
For aluminium with 0*25 per cent, each of iron and silicon, F. J. Brislee found the 
sp. gr. of the cast metal to be 2*7080 at 14°- 19°/4° ; for hard drawn rod, 2*7052 at 
22°/4° ; and for the re-melted metal, 2*6821 at 1674°, the decrease may have been 
due to the adsorption of gases, say nitrogen. T. M. Lowry and R. G. Barker found 
the sp. gr. of filings of purified aluminium is rather less than that of the metal en 
masse, falling from 2 7040 to 2*7027. They showed further that although the 
complete annealing of worked aluminium is accompanied by a contraction, there is 
a slight expansion in volume in the earlier stages of the process of annealing at 
100'. H. St. C. Deville said that heating the rolled metal to 100° had very little 
influence, for the sp. gr. was lowered from 2*67 to 2*66. J. W. Richards stated that 
heating a sample almost to its m.p , and then suddenly chilling it with water lowered 
its sp. gr. from 2*73 to 2*69, Annealing restores the sp. gr. of the worked metal to 
its original value ; thus, J. D. Edwards and T. A. Moormann found the sp. gr. 
(in vacuo) of cast aluminium (99*75 per cent. Al) at 20° to be 2*703 ; and 2*703 
when rolled and annealed. T. M. Lowry found the sp. gr. of aluminium is decreased 
by annealing at 100°. The best representative value for the sp. gr. of annealed 
aluminium is 2*703, and for the cold-worked metal 2*700. E. Heyn and E. Wetzel 
found that quenched aluminium suffers no perceptible change in vol. on standing. 

Bornemann and F. Sauerwald measured the sp. vol. of aluminium and its copper 
alloys. P. Pascal and J. Jouniaux gave 2*41 for the sp. gr. of aluminium at the 
m.p. in an atm. of aa inert gas, 2*36 at 800°, and 2*29 at 1000°. J. D. Edwards and 
T. A. Moormann measured the sp. gr. (in vacuo) of aluminium up to 1100°, A with 
99*55 per cent. Al ; B with 99*4 per cent. Al ; and C with 98*25 per cent. Al, and 
found : 


20 J 

100° 

400'’ 

659’ 

659 s 

700® 

000® 

1100® 

2-703 

2-69 

2-02 

2-56 

2-382 

2-371 

2-316 

2-262 

2-706 

— 

— 

— 

2-384 

2*373 

2-318 

2-264 

2*727 

— 


— 

2-406 

2-394 

2-339 

2-286 


Solid Liquid 


The sp. ''gr. of 99*75 per cent, aluminums, when molten at B°, is D=2*38$ 
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— 0 000272(0— 658°). The sp. gr. of 99'75 per cent, aluminium at different temp, 
is plotted in Fig. 16. 

There is a vol. change of 6 6 per cent, in passing from liquid to solid at the f.p. 
J. W. Richards gave 2 66 for the sp. gr. of commercial aluminium at ordinary temp., 
and 2*54 when melted. It is this solidification shrinkage which is responsible for 
the pipe formed in an ingot during freezing. H. Endo found a 6*26 per cent, 
change in vol. on melting. M. Tapler found 2 70 for the sp. gr. at 20°, and at the 
m.p. 2*426 ; this corresponds with a 4*8 per cent, expansion on melting ; otherwise 
expressed, a gram of metal expands 0 01 9 c.c. J. H. Chamberlain observed an 
expansion during the freezing of aluminium ; and a contraction when the metal is 
melted. This he attributed to the presence of gaseous impurities. II. A. Wilson 
found the ratio ot mass to weight is the same for bismuth and aluminium to wit hin 
one part per million. 

H. St. C. Deville said that the hardness of cast aluminium is about the same as that 
of cast silver ; and C. Karmarsch found silver wire will scratch cast aluminium. 




Fia. 16.— Specific (Iravity of Flo. 17.- -The Variation of the Hardness 

Aluminium at Different Temperatures. of Aluminium with Temperature. 

J. W. Mallet found that highly purified aluminium is softer than the less pure metal, 
and is between 2 0 and 2*5 on Mohs' scale ; it cannot therefore be scratched with the 
finger-nail, and it is not so soft as tin. The 99 per cent, metal, said J. W. Richards, 
can be readily cut with a knife, but the 95 per cent, metal is cut with difficulty. Alu- 
minium becomes surface hardened by cold working, so that cold drawing or rolling 
makes aluminium nearly as hard as brass. Assuming the hardnegs of copper is 
100, J. W. Richards gives 47 for the hardness of cast aluminium, and 62 for that .of 
the rolled metal — the hardness of cast brass is 71, rolled brass 86. The hardness of 
aluminium on J. R. Rydberg’s scale is 2*9 when that of copper is TO, and that of 
silver 2 7 ; and on F. Auerbach’s scale of absolute values, the hardness of aluminium 
is 52 when that of silver is 9 1 . S. Bottonegave0 0821 for the hardness of aluminium, 

0 1360 for copper, and0 0990 for silver. The effect of ternp. has been examined by . 
P. Ludwik, and A. Klirth; the former found the viscosity hardness to vary with temp, 
as illustrated in Fig. 17. J. Okubo found the scleroscopic hardness of aluminium 
to be 3*75 when that of lead is 135. He also measured the coefficient of restitution 
on impact. The Brinell harduess of cast aluminium varies from 23 to 28 ; according 
to P. D. Merica, the scleroscopic hardness of annealed and cast aluminium vari«lP 
from 4 to 6 ; the hardness of cold-rolled sheets varies from 13 to 15. R. J. Anderson 
measured the scleroscopic hardness of a number of sheets of hard aluminium, and 
found : 

Thickness in mm. 0*2291 (3) 0-1215(8) 0 1037(10) 00841(12) 00650(14) 00169(26) 
Hardness , 5-0 12-5 140 150 150 150 

where the numbers in brackets refer to the sheet gauge. The effect of annealing is 
illustrated by- selecting the results with sheet of 10-gauge. After 120 mins.' heating 
to 200°, the hardness was 10*2 ; after 30 mins, at 350°, the hardness was 5 0 ; and 




300® 
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600° 

Time in mins. 

. 10 

30 

• 60 

5 

10 

30 

60 
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Hardness 
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70 

60 
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4-5 
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M. Hanriot found that the Brinell’s hardness of aluminium was raised from 14*6 to 
19 0 after the metal had been compressed at 10, (XX) kgrms. per sq. mm. H. J. Coe 
gave for Brinell’s hardness of cast aluminium, 23; for extended and drawn aluminium, 
26-29; and for the metal annealed at 550°, 17*5-24*0. H. O’Neill measured the 
hardness of single crystals of aluminium. Z. Jeffries detected no change in the 
microstructure after the nfetal had been subjected to compression. 

As shown by L). Kaito and K. FLayashi, 4 the fluidity of molten aluminium is 
large. K. Honda and 8. Konno found the viscosity of the rolled metal at 20° to be 
0*723x lo 8 to 0-822 a 10 8 ; and for the metal annealed at 400°, l*25xl0 8 at 20°. 
K. lokibe and 8. 8akai found the viscosity of annealed aluminium to be 25*50xl0 8 
at If/. 8. W. Smith found the surface tension of molten aluminium between 
700° and 820° to be 520 dynes per cm., and the capillary constant a- —45*09 per sq. 
mm. 1. Traube gave 119,300 megabars or 10 tt dynes per sq. cm. for the internal 
pressure of solid aluminium ; ami T. W. Richards, 126,(XX) mega bars. J. H. Hilde- 
brand and co-workers calculated relative values for the internal press, of the metals ; 
and C, E. Uuye and co-workers measured the effect of temp, on the viscosity. 
W. J. Humphreys studied the diffusion of aluminium in mercury ; R. J. Anderson, 
of copper in molten. aluminium, and (1. Sirovich and A. Cartoceti, and 0. Bauer 
and E. I’iwowarsky, of aluminium in solid copper. A. Masson gave 5104*5 metres 
per second for the velocity of sound in aluminium. J. VV. Mallet found that the 
highly purified metal is not sonorous, but the less purified is highly sonorous. 
H. 8t. (>. Deville reported : “ A very curious property which aluminium shows is 
its excessive sonorousness, so t hat a bar of it suspended by a thin wire and struck, 
sounds like a crystal bell. The sonorousness is the more pronounced the purer 
the metal. A bell cast with the metal gave a sharp sound of considerable intensity, 
but which was not prolonged, ami it seemed as if the clapper or support hindered 
the sound, which was thus far from agreeable.” A. 8pringcr said with respect to 
the use of alumintum for sounding boards : 

Aluminium differ* from all other metuls in the absence of the comparatively con- 
tinuous and uniform higher paitiai tones which give in other metals the tone-colour called 
metallic ; and further, that it possesses an elasticity capable of sympathetic vibration 
Uniformly through a wide range of tone-pitch, which renders it m this respect superior 
to wood. 

■ The malleability of aluminium is high. It can be forged and rolled as readily 
as silver and gold, and as P. Wohler, H. 8t. I 1 . Deville, and M. Degousse 5 showed, 
it can be beaten out into thin leaf. J. W. Richards said that commercial aluminium 
loaf is 0*000638 mm. in thickness, und compares favourably with ordinary silver- 
leaf. .1. W. Mallet said that highly purified aluminium is more malleable than the 
* less pure metal. In rolling, the more impurity iu the metal the less readily can it be 
worked, and the quicker duos it become hard. According to J. W. Richards, more 
than 1 per cent, of iron makes aluminium less and less malleable until with 6 
per cent, of iron the metul is brittle ; on the other hand, up to nearly 10 per cent, 
of silicon can be present without rendering the metal unfit for rolling. Aluminium 
*1ii most malleable between 1<K) and 150°, and, according to (A Fabian, the metal is 
best worked in that range of temp., for it can be worked some time at that temp, 
before hardening. If rolled cold, it requires more frequent annealing. Annealed 
aluminium is one of the softest and most pliable of metals, yet, as H. St. C. Deville 
stated, by hammering it becomes as hard and elastic as iron ; and, according to 
A. R. von Burg, by cold working it can be given the stiffness and temper of brass. 
Aluminium leaf is rubbed to powder and sold as a metallic dust for decorative 
purposes. 0. Margot found that melted aluminium poured on glass sticks very 
tenaciously on cooliug. J. Czochralskv studied the effect of occluded gases on the 
mechanical properties of aluminium. 

Gold, silver, platinum, iron, and copper are said to be the only metals whose 
ductility is greater than that of aluminium. H. St. (A Deville noted that aluminium 
can be drawn into fii^e wire. The metal quickly hardens at the drawing plate, and 
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requires frequent annealing. The larger sizes of wire ran he drawn warm, and they 
then require less annealing. Aluminium can he punched and stamped in dies. The 
elongation in the tensile strength test can he regarded as a measure of the duetihihty 
-Figs. 14 to 17. P. I). Menra gave for the ductility of soft annealed aluminium 
sheets of different thickness, hv Enehscn's test : 

Thickness . (MH2ti 0 02(11 0 0310 (HI508 * 00808 (HOIS nun. 

Ductility . 5-5 7 •5 70 8 0 7-5 90 9 0 10-5 10,5 120 110 12T» 

W. H. Barlow found the ductility of cold-worked aluminium to he relatively small 
— 2‘5 per cent. According to H. St. (\ Deville, aluminium can he tiled without 
choking the file, hut (\ Karmarsch showed that the converse is true. \Y. Heraous 
said that aluminium may he welded. 

Cast aluminium has not a high elasticity, and in this respect it resembles east 
silver ; when worked, however, it becomes more rigid and elastic. If the hardened 
metal be re-heated to about GOtC, and slowly or quickly cooled, it becomes almost 
as soft and pliable as lead. If re-worked, the metal again becomes stiff and elastic. 
According to W. Voigt, the modulus of elasticity or Young’s modulus of longi- 
tudinal elasticity of cast aluminium is (1750 kgrms. per sq. mm. (I. Angenheister 
gave (>716 kgrms. per sq. mm. for the annealed, and 7074 kgrms. per sq. mm. for 
the hardened metal. For the cold-worked metal. K. F. Slottc gave 7200 ; (}. S. Meyer, 

7 462 ; and N. Katzenelsohn, 7510 kgrms. per sq. mm. F. J. Brislee found for 
Young’s modulus of Iff Iff percent, aluminium in bars ffHl \ 10® lbs. per sq. in.; 
in wires, 979x lO®lbs. persq. in. the average is 9 8/ 10® lbs. persq. in. W. Suther- 
land gives 680 \ K) o grms. per sq. cm. as the best representative value at 15° with 
the extremes (>02 / 10 ®and 755 x I0~®grms. per sq. cm., and lie represents the value 
of Young's modulus at 8 by /s () (l~ 0 8230), 7’,J, w here T vt represents the m.p. of t he 
metal ; and A',,, the value of Young's modulus u< absolute zero. 11. L. Dodge found 
with annealed wire of 99- 29 per emit, aluminium and silicon 0 24 per cent., iron 014 
per cent., and copper 003 per cent., the effect of temp, on Young’s modulus, 
E' Ex 10“ 11 dynes per sq. cm., and the temp, eoeff., a U)~ ,l (/E/(/J\ to be : 

20' 10' (10° Sir 100 1 120" HO" ISO" ISO 0 

E' . 7-r.O 7 40 7 27 7 10 (>-90 ti-tttt G-3S GOO 5 72 

a • 0-004G 0-0057 00072 0-0090 0-0112 00135 0-0155 0-0105 0-0170 

With hard wire the results were rather lower, but, there was a partial ahnealing at the 
higher temp. The temp, eoeff. of the hard wire was almost constant. H. L. Dodge 
concluded that annealing does not materially affect the value of Young's modulus, 
but it does affect the rate of change, increasing the temp, eoeff. for low temp, and 
decreasing it for higher values. (’. Schafer found the elastic modulus increased 
21 32 per cent, per 1(X)° in falling from 20 r to 186X According to J. Fionchon, 
just before the m.p., i.c. between 580° and 625°, aluminium acquires a granular 
structure, becoming very friable and falling to powder on t he slightest press. ; and 
A. Granger found that when aluminium is heated to a temp, of about 600', its 
tenacity and hardness become greatly modified, the metal assumes a grained struc- 
ture, and can be easily broken. On heating to a still higher temp., the metal caiu 
be cut with a knife or even crushed in a mortar. According to -J. W. Richards, the 
presence of 2 to 5 per cent, of copper, nickel, silver, or titanium raises the elasticity 
without noticeably affecting its sp. gr., or impairing its malleability, W. Riibel 
found that from 4 to 7 per cent, of phosphorus raised the elasticity, sp. gr., and 
tenacity of aluminium. K. A. Schreiber examined the influence of different elements 
on the properties of aluminium. 

For the torsion modulus, rigidity, or shear modulus of aluminium. (\ Schafer 
gave 2329, N. Katzenelsohn 3350, and F. Horton 2605 kgrms. per sq. nun. ; for 
cast aluminium, W. Voigt gave 2580 kgrms. per sq, mm., and for the cold-worked 
metal, H. Tomlinson gave 2673 kgrms. per sq. mm. For the absolute values between 
0° and 20°, W. Thomson gave 2410 kgTms. per sq. mm., and H. Tomlinson 2470 2400 
kgrms. per sq. mm. W. Sutherland gave 0*932 0 943 for the ratio of the rigidity 
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at 100° to that at 0°, and 0 803* for the ratio at 200° and 0°. At 15°, W. Sutherland 
takes the best representative value as 2500 kgrms. per sq. mm., and for the rigidity, 

2 V, at 6°, A/AV-. 1 — ( B/TJ 2 , where T m denotes the absolute m.p., and N 0 the rigidity 
at absolute zero. ('. Schafer represents the percentage decrease with temp, on 
cofiling as 30*2. K. R. Koch and C. Dannecker found for the influence of temp, 
on the torsion modulus (lbs, per sq. in.) : 

20' J 100° 200 r ' 300’ 400° 450° 500° 

Torsion modulus x 10 • . . 3*87 3*73 3'45 3*10 2‘03 2'03 0*68 

W. H. Barlow 6 found that a rolled bar of aluminium had a tensile strength of 
26,800 lbs. per sq. in., and an elongation before breaking of 2 5 per cent. He added 
that the tenacity is almost equal to that of steel if the comparison be made by 
weight, C. Karmarsch, P. Ludwik, F. Haber and R. Geipert, A. G. C. Gwyer, 
E. A. Hunt and co-workers, H. J. Coe, H. L. Dodge, and many others have measured 
this constant. P. D. Merica gives for softened or normalized aluminium, i.e. alu- 
minium which has been mechanically worked by rolling, drawing, or forging, and then 
annealed at 400°, the average tensile strength 12,500-15,000 lbs. per sq. in., or 
8-78- 10 54 kgrms. per sq. mm. ; with the yield point 8000-9000 lbs. per sq. in., or 
5*52 6 32 kgrms. per sq. mm. and an elongation in 2 ins. of 10*40 per cent., and a 
reduction in area of 20-30 per cent. He also gives the results indicated in Table II 


Taulk II. -Tensile Properties of Aluminium. 


f 

Form of inelal. 

Tensile strength 
lbs. per sq. In. 

Yield point 
lbs. per sq. In. 

Percentage 
elongation 
in 2 Ins. 

Percentage 

reduction 

In area. 

Sund cunt 

11,000 13,000 

8,500 

15-25 



Chill coat 

1 2,000 14,000 ; 

9,000 

15-25 

-■■■- 

Hheet : Annealed 

12,000-16,000 , 

8,000-9,000 

12 35 

20-30 

Homi-hard 

18,000-22,000 

8,000- 12,000 

5-12 

20-30 

Hard 

22,000 25,000 

12,000-25,000 

1-7 

20 30 

12-gaugo 

25,000 

7 

— 

1 0-guugo 

28,000 


5 

— 

20 gauge 

30,000 j 


3 


Bars, hard . 

28,000 36,000 i 

14,000 23,000 

! 

30-40 

Wire: Hard 

25,000- 56,000 

10,000-33,000 


40 60 

40-rnil * . 

31,000 



• 80-mil . 

28,000 



__ 

120-mil . 

25,000 





200- mil . 

22,000 





for different forms of the metal. E. Wilson and ,). Gavey found that the duration 
of alms or the time occupied in applying the tensile stress, has a marked influence on 
the result. Thus, with hard-drawn aluminium wires with a breaking load of 325 lbs. 
and a tensile strength of 25*3x UP lbs. per sq. in. under ordinary conditions, by 
varying tho time of the application of the breaking load, they obtained : 


Time of application, sees, . 

0-5 

5 

118 

525 

Breaking load . 

300 

280 

240 

220 

Tensile strength 

23*3 

21*8 

18-7 

171 


and the wire was not broken, but still stretching at the end of 1900 hrs. Hence, 
about two- thirds the nominal breaking load caused rupture when applied con- 
tinuously for about three weeks. H. Shoji found that the relation between the 
time t and the torsion angle x can be represented by x=c/<®, or x—a-b log t when 
o, 6, and c are constants. K. L. Meissner discussed this subject. 

When aluminium has been strhined beyond the elastic limit, it suffers plastic 
deformation with any increase of stress — vide copper. A. Morley and G. A. Tomlin- 
son showed that the metal recovers from this overstrained state if allowed to rest for 
about 14 days ; the recovery is accelerated by raising the temp., but the recovery 
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Tensile strength 
S $ & 


with the warmed metal is not. so complete as the slower recovery at the lower temp. 
The rate of recovery from overstrain is not affected by the transverse or longitudinal 
vibrations produced by hammering. A. Elmendorf measured the effect of alternating 
stresses on the tenacity of aluminium which normally had a tensile strength t of 
15, OX) lbs. per sq. in. If S denotes the fibre stress, 
and n the number of reversals required for rupture, 
then $=48,000tt~°' U3 . Hence, a million reversals 
are required for rupture with a fibre stress of 10,000 
lbs. per sq. in., and ten million reversals for rupture 
with a fibre stress of 7800 lbs. per sq. in. 

According to P. D. Merica, the cold-working of 
aluminium increases the tensile strength, and de- 
creases the elongation or ductility. Representing 
the amount of cold-work in terms of the reciprocal 
ratio of the thickness of the sheet tested divided by 
the thickness of the original sheet, the percentage 
elongation in 2 ins. and the tensile strength in 
lbs. per sq. in.XlO"" 3 are shown in Fig. 18. 

H. 0. H. Carpenter and L. Taverner examined the 
rate of annealing or softening of cold-rolled aluminium 
sheets by annealing at different temp., and for different periods of time. The 
impurities in the metal were silicon 0‘75, iron O' 34, and copper 0*03 per cent. 
Selections from the results are shown in Figs. Iff and 20. The general conclusions 
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Fios. 19 and 20. — The Annealing of Cold-worked Aluminium. 


were: (1) The hardness caused by mechanical work is lost very rapidly upon 
annealing at from 300° to 500° C. The sume final tensile strength of about 
12,700 lbs. per sq. in. is obtained in all cases. (2) The softening is most marked 
within the first portion of the annealing 
period. (3) No hardening by annealing 
was noticed as in the case of copper and 
brass. (4) Below* 300°, the decrease 
in hardness is very slow, but occurs 
within the temp, range of 100° to 200° 
with no increase of ductility. 

A. G. 0. Gwyer showed that the 
tensile strength and elongation increase 
rapidly as the grain-size decreases, 

Fig. 21, but with a grain-size finer than 
from 200-300 grains per sq. mm., the 
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Fio. 21.-— Effect of Grain-size on the Tensile 
Properties of Aluminium. 


tensile strength and elongation are almost indifferent to the size of grain. 
The effect of temperature on the tensile properties of aluminium has been 
studied by P. Breuil, R. Baumann, fi. le Chatelier, and G. D. Bengough. The 
results by the last-named with 99 56 per cent, aluminium arg shown in Table III 
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Table TTT. - The Effect ok Temperature on the Tensile Properties of Aluminium. 


of test. 

Tensile m» rengtli in lhn. 
per hr. in. 

Percentage elongation 
in 2 inn 

Hermitage reduction 
in area. 

20° 

ID, 200 

12 

75 

200° 

' * 14, nx) 

15 | 

78 

27 5° 

1 1,110 

1 7-2 1 

79 

330° 

7,000 

20-3 

88 

37f>° 

1 3,800 ! 

25 

88 

390° 

2 ,ir»o 

50 

90 



05 

90 

r> 20 ” 

D00 ! 

88-5 J ! 

To finest 

505° 

540 

70-3 

75-0 1 

possible 

«lo° 

(500 

point. 

1125° 

420 

30-0 

92 


and Fig. 22. There is a well-marked change in direction in the stress-temp, curve 
ut about 395°, and at a rather lower temp, with the strain-temp, curve. The metal 



Temperature 

Fkj, 22. —Effect of Temperature on the Tensile 
ProjM'rtieH of Aluminium. 


becomes plastic just over 600°. 
G. Pisati and co- workers repre- 
sented the tensile strength of 
aluminium at 6 between 0° 
and 1(M)° by r>()*8 -O*O4580 
- O(XX)3720 2 kgrms. per sq. 
mtn., and between 100° and 
2(K)° by 51*7 — ()• 1 20. Poisson’s 
ratio, that is, tin* ratio of the 
transverse contraction to the 
longitudinal extension under a 
tensile stress, is 0 351) according 
to C. Schafer, and 0*303 accord- 


ing to l*. Cardani. The value 
of. Poisson’s ratio was found by N. Katzenelsohn to increase 15 7 percent, between 
0° and 1(X)‘\ .The effect of various metals copper zinc, tin, and iron- on the 
mechanical properties of aluminium has been studied by M. Wahlert. 

T. W. Richards 7 and co-workers found the average compressibility, i.e. the 
fractional change in vol caused by one megabar press. between 1(X) and 5(X) megabars 
press., to be I *47\l() per megabar or 1313 X 10~ 8 per at. vol. per megabar. 
K. Madelung and R Fuchs gave l ’36x1(4“® megabars per sq. cm. P. W. Bridg- 
man’s value is 12! \ I0~o ftt 20 u up to 6300 atm. press.; J. W. Buchanan's 
l’t)7 x 10 6 at D" and 256 atm. ; S. Lussana gave for press, up to 2(MX> atm. : 


14 7 27’ io:»° 1 2f>° 

CompreuMbility eoeff. 0-88 I0~ # 0-90 •, 10 « 1-03x 10 8 M0xl0- £ 1*18 '<10“* 


•Jmd E. Griineisen gave for press, between 10 and lot) atm. I*32xl0~« at 191° ; 
1*48 X HP ® at 15°; and 1 ‘80x 1(4“® at 125°. L. H. Adams and co-workers gave 
1*39 X 10® per megabar for the compressibility of aluminium ; and they represented 
the change in vol., per c.c., produced when the press, changes from p 0 to p, by 
Sv - - - 1 * 2 X 1 0 4 1 1 ’ 325 x 1 0~®(p ;*o ) . According to P. \V. Bridgman, if v denote 
vol. at 0° at atm. press., and the change in vol., 8v, by application of a press, p 
kgrms. per sq.cm. is5r/i>X 10 7 at 30° is - 13 4(>/>-f3-5xl(T ^ for hard drawn rod; for 
annealed drawn rod at 30°, — 13‘34/?-f 3*5 x 10~ 5 p 2 , and at 75 V 13*91^4-3*5 x 10“ 5 ^ 2 ; 
and for the cast metal at 30° — 13*43^i -f 50 xlO” 5 /) 2 , and at 75°,- 13*76p+5 , l xl0~ 6 p 2 . 
P. D. Merica gives 6, 000-25, (XX) lbs. per sq. in. for the elastic limit of aluminium 
under press., and 16,000-100,000 lbs. per sq. in. for the ultimate strength ; A. Elmen- 
dorf found 67,000 lbs. per sq, in. for the ultimate strength of east aluminium. 
P. W. Bridgman fouijd that the linear change, 81, in the length l when the press. 
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is p kgrms. per sq. cm. is 81/1 -0*0000(X)3910/i- 00000056. C. J. Burton and 
W. Marshall observed a rise of 018T on compressing aluminium at 388 atm. press., 
this corresponds to a rise of 000017 per atm. H. ,1. (V found the maximum 
load giving critical plasticity to 1m* ,V16 tons per sq. in. for cast aluminium ; 7'<HI 
to 7*40 tons per sq. in. for extruded and drawn metal; and (i'll to H'f>0 tons per 
sq. in. for the metal annealed at 5 '50°. E. II. Dix •studied the impact test on 
aluminium. 

According to H. Fizeau, 8 the coeflf. of thermal expansion, a. of aluminium is 
0*00002313 at 40°, and 0*(XXX)233G between 0° and UK)’; \\ Glatzel gave 
a (HXXX)2354 ; and F. (’.Calvert and K. ,lohnson,a (HXKM12218 between 0 and 
100°. H. L. Dodge found a (HXXX)25 for wires with 99*39 per cent, of 
aluminium, 0 32 0 41 per cent, of iron, 0*22-0*24 per cent, of silicon, and 0*03-0*07 
per cent, of copper, hard or soft. 14. le Cluitelier found 0(XHH)2I6 at 63', and 
0*(XXX)315 at 600° ; and F. Henning found <)*(XKK)2 111 between 16 ‘ and 250 , and 
(HXXK)2717 between 16° and 500"; and 0 00001835 between 16 and • 161°. 
F. .1. Brislee showed that the thermal expansion is determined by tin* history of the 
metal, for if I denotes the length at 0 when / 0 is t lie length at 0°, J /„(! | 0(K)002132^) 
for hard-drawn aluminium, and \ -/,,(! j O'(MKX)24510) for annealed aluminium 
between 0° and 100 U . Hence, the coefl. of expansion, a 0 0 4 2451, for annealed 
aluminium is slightly higher than a- 0 0 4 2!32, for hard-drawn aluminium. W. Dit- 
tenberger gave for the expansion, 81, of aluminium in mm. per metre, lad ween 0° 
and 610", 81 0 0235360 \ OIK X 10707 1 0- ; and K. School between 78 ’ and 500°, 
81 -0*0221)0 j O*(XXK)90-. The last-named found the linear expansion, 81, of alu- 
minium between 0" and 0 , m mm. per metre; 

-7M’ <r HH) 200 ' sou* •loo 1 f*oo* 
hi 1-73 0 2*:tS I ill 7*68 10*60 13*70 

J. Disch made some observations at low temp. W. H. Souder and P. Ilidnert 
found for the coetf. of linear expansion, a : 

211-1(10' 100' 200 200 300 ’ 300’- 400’ 4UO‘5UO 500 - 000' 

a . 0*0000237") 000002075 0 00002715 0*00003000 0 00003200 0 00003605 

or l f 0 { 1 {-(21*1)00 f 0*01200'-) KM [. They gave between 20° and 3<K) r ', a 0 0 4 ‘i56 ; 
between 3(K)' and 600", a -0*0 4 329() ; and between 20° and 6( # MC, a -(H) 4 294. 
W. Voigt found for the effect of tempeiatnre , aXl0 fl 23 06)0*61(0 30) .for 
97*53 j)er cent, aluminium containing 1*33 per cent, of iron, 1 01 of silicon, and 0*17 
of carbon. E. Griincisen, and S. Lussana measured the effect of temp, and pressure 
on the coefl. of expansion, the former found for atm. press. aX I0 C is 68*41) between 
17’ and KH) J , and 51*66 between 17’ and 11)0 . the corresponding values for HXX) 
kgrms. per sq, cm. press, are 65*51 and 55*35 respectively. For atm press. S. Lussana 
found ax lO 6 — 67*11 between 27’ and 71 , and 68*25 between 27 and 126" ; at HXX) 
atm. 64*71 and 65*88 respectively, and at 2UX) atm. press, 62 58 and 63*55 
respectively. For the proportional change of the thermal expansion, a, with 
press., p, P. W. Bridgman gave - -dal ad p 1*02x10 5 for cast aluminium, and 
1*76 Xl0~ 6 for the drawn and annealed metal. 4-1 

Gold, silver, and copper are the only metals with a higher thermal conductivity 
than aluminium. F. C. Calvert and R. Johnson 9 found that if the conductivity of 
silver he 100, that of aluminium is 66*5. L. Lorenz found the thermal conductivity 
of aluminium to be 0*3445 cal. per cm. per sec. per degree at 0°, and 0*3619 cal. at 
100 1 ', so that if the conductivity of copper be 100, that of aluminium is 47*7 at 0°, 
and 50 0 at 100°. A. C. Mitchell’s value, 0*6188 at 18°, is too high. W. Jiiger and 
H. Diesselhorst obtained 0*4803 at 18° and 0*4923 at 100° with aluminium wire con- 
taining 0*5 per cent, of iron, and 0*4 per cent, of copper. The temp, coefl. is ~) 0*29 
per cent. According to C. H. Lees, the variation of the conductivity with temp, 
has a minimum about 125°. 

J8* o’ -50" -100" — 125" —150' -1(10* -170’ 

Conductivity* 0*604 0*502 0*496 0*492 0*491 4*508 0*514 0*524 
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K. Schott measured the low temp, conductivity of aluminium. S. Konno found that 
the thermal conductivity of aluminium decreases with rise of temp, up to the m.p. ; 
there is then an abrupt decrease. According to J. W. Richards, the thermal con- 
ductivity of annealed aluminium, 38*87 (silver, 100), is rather greater than that of 
the unannealed metal, .37 96 (silver, 100). 

The specific heat of aluminium is higher than that of the common metals. This 
might be anticipated from its low at. wt. and Dulong and Petit’s rule. Many values 
have been given for the sp. ht. of aluminium. H. V. Regnault 10 found 0 2056 between 
25° and 97°, but his metal contained only 88*35 per cent, of aluminium. H. St. C. De- 
ville said that H. V. Regnault asked for a sample in order to determine its sp. ht., 
but in spite of the warning that the available sample was very impure, H. V. Regnault 
persisted, and H. St. (’. Deville added : 

It is a pity that 1 gave such impure rdaterial to servo for determinations of such splendid . 
precision, and I was persuaded to do so only by the entreaties of M. Regnault, who could not 
wait until 1 had prepared him better material. 

Possibly, II. V. Regnault had not recognized so clearly as H*. St. C. Deville the 
importance of working with purified materials. In another determination with 
97 per cent, aluminium, he obtained 0*21 22 between 14° and 97°. H. Kopp used 
a sample with 2 per cent, of iron and obtained 0*2070 between 20° and 52°. 
J. W. Mallet found the sp. ht. of highly purified aluminium to be 0*2253. The 
temperature coefficient of the sp. ht. is higher than that of the common metals. 
H. Tomlinson represented his results for the mean sp. ht. from 0° to 0° with com- 
mercial aluminium by 0*2070+ 0*0001150 ; A. Niecari, by 0*2116 +0 000095070 
from 0° to 300' ' ; J. W. Richards, by 0*2220 -{-0*000050 from 0° to 0° up to 600°, 
and 0*2220- f 0*000 10 at 0°. \V. Bontschef! represented his results at 0° between 
-75° and 500 J by 0*20890 +0* (XX) 16 1860 - 0*0 e 2942 4602 +_o*o 9 46 118203, and his 
observations show that the sp, ht. of aluminium increases with rise of temp., and 
that the rate of increase decreases to a minimum between 200° and 300°, and there- 
after increases. W. A. Tilden measured the mean ap. ht. of aluminium for ranges of 
temp, between 182° to 435°; and K. H. and E. Griffiths, between --114*3° and 
97*6°. Other observations have been made by C. C. Trowbridge, R. Laemmel, 
H. 0 . Schmitz, P. Nordmeyer, E. Uriineisen, II. Schimpf, U. Behn, T. W. Richards 
aud F. O. Jacksob, J. A. Darker and H . 0. Greenwood, W. Louguinine, and F. Glaser. 
W. *Nernst and co-workers made some observations at temp, down to —253*9°, 
and P. Schilbel up to 601°. The following is a selection from these results for C p : 

— 2531) ' -1S4 7' 114 3" -8IW UT »T0° 303° 500° 001 

Sp. ht. 0*000 0-0907 0 1709 0 1807 0-2090 0 2248 0-2293 0 2363 0 2447 

The first value is due to W. Nernst and F. Sehwers, the second to W. Nernst and 
F. A. Lindemann, those above 97*6° are by P. Schiibel, and the remainder by 
E. H. and E. Griffiths. The last-named also estimated values of the atomic heats, 
C p and V v , over the range - 240 6° to 107°, or 32 4° K. to 380° K. 


«uc. 

32 4° 

50* 

100° 

loo- 

200° 

250" 

300° 

340° 

380° 


. 0-25 

0-91 

3-08 

404 

514 

5-54 

5*81 

5-98 

0-13 

C, 

. 

■— 

3-05 

450 

5*03 

5-37 

5-57 

5-69 

6-79 


The variation in the at. ht. at low temp, was found by W. Nernst and F. Sehwers 
to be in agreement with P. Debye’s formula, CV^8*4T3. F. J. Brislee showed that 
the results of many sp. ht, determinations are more or less fortuitous because the 
sp. ht. is determined by the thermal history of the metal ; for example, the sp. ht. 
of annealed 99*6 per cent, aluminium is 0*2240 ± 0 0004 between 20° and 200°, and 
0*2354 ± 0*00033 between 20° and 300°, while the sp. ht. of fresh hard-drawn wire 
is 0*2220 in the range 10° to 100°, and the value decreased after 10 days at 100° to 
0*2150. 

J. Pionqjion found that with 99*1 per cent. # aluminium the thermal capacity, or 
the amount of heat, Q t required to raise & gram of the metal from 0° to 0° is 
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Q-0‘3930— 291‘860/(1517’8-f 0) up to 580° ; and for the liquid, from 630° to 8lX)°, 
@—0*3080—46*9. The sp. lit. thus rises slowly but with increasing rapidity from 
0*201 at 0° to 0*2894 at 550°. The sp. ht. of the molten metal at 650“ is 0 308. 
J. W. Richards represented the amount of heat in 99*93 per cent, aluminium at 0' 
up to 600° by $=O*222()0 4~O*OOOO50- ; and be estimates the sp. ht. of the solid 
at the m.p. to be 0*285 ; J. Pionchon s value is 0 308. • U. ,1. ,1. le Verrier reported 
that the sp. ht. of commercial aluminium is constant. 0*22 between 0° and 300° ; 
constant, 0*30, between 300° and 530° ; between 530° and 560°, there is an absorption 
of about 10 cals. ; and between 540° and 600°, the sp. ht. is again constant 0*46. No 
other observer has been able to verify U. J. J. le Yerrier’s remarkable statements. 
It is, however, to be noted that at about 600° aluminium begins to soften, and some 
latent heat is absorbed before the true m.p. 

P. N. Laschtschenko found that with aluminium 
containing 0*31 per cent, of silicon, and 0*63 per 
cent, of iron, but no copper or lead, the curve 
connecting the temp, with the amount of heat 
required to raise the temp, of 1 grm. of metal 
from any given temp., is continuous up to 580°, 
and is slightly convex towards the temp, axis, 

Fig. 23 ; between 580° and 590° there is a 
marked change in the direction of the curve 
corresponding with the pasty condition of the 
metal ; and at 650°-670°, there is a sudden 
increase in the amount of heat, owing to the 
fusion of the metal. The high sp. ht. of alu- 
minium, coupled with a large heat of fusion, 
causes the metal to melt very slowly even in 
a hot fire ; and conversely on cooling. R. Ariano 
studied the heating and cooling curves of the metal. J. W. Richards showed 
that the-amounts of heat required to raise a gram of a number of metals to the 
m.p. and then to melt them, are : 

A I Ft* C’u Pt A« An 

Thermal capacity . 258 3 250 0 162 0 102 4 H5 0 # 58 0 cals. 

G. N. Lewis and co-workers, and E. D. Eastman gave 6*82 for the entropy of aluminium 
at 25° and atm. press. W. M. Latimer discussed the entropy changes in the metal 
electrons. 

Aluminium fuses at a relatively low temp. ; 11. St. C. Deville 11 said that the 
melting point lies above that of zinc, and below that of silver, but is nearer to that of 
zinc than to that of silver. R. Pictet gave 600“ for the m.p. ; F. Heeren, and T. Car- 
nelley, 700° for aluminium with 4-5 per cent, of iron ; P. 11. van der Wcyde, 850°. 

H. Rose said that pure aluminium is more fusible than the impure metal, but 
J. W. Mallet said that the converse is true, and H. le Chatelier has shown that a 
very small proportion of iron or silicon lowers the m.p. — e.g. aluminium with 0*7&* 
per cent, and 1*50 per cent, of silicon melts at 619° ; but a large proportion of these 
impurities acts in the opposite direction. Outside the early difficulties in measuring 
what are now known as pyrometric temperatures, there are difficulties, as P . Rohland 
showed, arising from the presence of impurities, and from the masking of the true 
m.p. by the prior pasty condition ; and, as C. Matignon, and W. von Bolton showed, 
a protective film of oxide may be formed which permits aluminium wire to be heated 
above its m.p. without losing its shape. C. T. Heycock and F. H. Neville gave 
654*54° ; S. W. Holman, R. R. Lawrence, and L. Barr, 660° ; H. L. Calendar, 
654*5 ; W. R. Mott, 657*3° ; H. Gautier, 660° ; L. Holborn and A. L. Day, 657*3° ; 
A. L. Day and R. B. Sosman, 657°; C. W. Waidner and G. K. Burgess, 658°; 
A. L. Day, R. B. Sosman, and E. T. Alien, 658*0° ±0*6° ; G. K. Burgess. 658° ±1. 
The best representative value is 658*7° as given by L. I. Dana and P. D. Foote ; 
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Fin. 23. Thermal Capacity of 
Aluminium at Different Tem- 
peratures. 
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W.Guertlerand M. Pirani gave AWT; and F. Wiist and co-workers, 657°. W. Spring 
reported that aluminium powder flows to a solid mass at ordinary temp, under a 
press, of .18 tons per s(j. in. If the liquid phase can escape, the m.p. of all metals 
are lowered hy press. J. Johnston calculated that the press, necessary to melt 
aluminium at 27° is 51(H) atm. R. C. Smith observed signs of sintering with 
aluminium filings at 2<X) . . 

H. St. C. Deville said that aluminium is non-volatile ; it loses no weight when 
violently heated in a carbon crucible in a forge furnace. The volatilization of alu- 
minium was noted wit h the introduction of electric furnaces. II. Moissan volatilized 
the metal in such a furnace, and he noted that if the vapour above the crucible be con- 
densed on a copper tube through which cold water is passing, small spherules of the 
metal are obtained. H. C. Greenwood said that the boiling point of the metal at 
atm. press, is about 1800°; W. R. Mott also gave 1800°; and H. von Wartenberg, 
below 22(H) . W. G. Duffield estimated the rate of evolution of molecules from the 
boiling liquid. J. W. Richards estimated the vapour pressure of solid aluminium at 
<>°to be I’O/.IO ,:J mm.,andat them.p.,f> , 2f>X Kr^mm.jOr logp —14190/T-|-8‘98; 
and the vap. press, of the liquid at 7”' K. is log p — 15650/ 7* The latent heat 
of fusion of aluminium is very near that of ice. J. Pionchon found 78*9 cals, per 
gram, and I*. N. Laschtschenko, 71 cals, per gram. F. Wiist and co-workers gave 
93*90 cals, per gram. J. W. Richards estimated the latent heat of vaporization 
to be 2107 2305 cals per kgrm. R. Fold and P. Pringsheim made mirrors of 
aluminium bv condensing the vapour on a quartz plate. 

The refractive index, p; the index of absorption, k, such that the amplitude of 
a wave after travelling one wave-length, A, measured in the metal, is reduced in 
the ratio 1 ;c or for a distance S m the ratio 1 : c -*»#*/* j and the percentage 
reflecting power, It, of aluminium have been measured by G. Quincke.'- The values 
headed with an asterisk are hy P. Drude : 

oil ISO 527 5 Si) 58!)* 030* 050u 

0 78 (HI3 1-10 1-28 1 44 1 02 )*48 

2-85 H- 15 3 3!) 3*00 523 0-44 31)2 

72-3 72-8 72-4 72 5 72-7 724 72*0 

W. W. Gohlentz also gave for the percentage reflecting power : 

• A- . . Hi 20 4 0 70 1(H) 12-0 

K • -71 82 02 00 08 08 

J. Schumann and L. Mach studied the reflection of light of wave-length 1850-2800 
on alloys of magnesium and aluminium ; I. C. Gardner found aluminium reflects 
verj poorl> in the^Schmnann region, h. 0 Hulhert also made observations on 
this subject. M. taradav found that a film of aluminium in polarized light de- 
polarized the ray, and brought in a red image which was reduced to a minimum by 
the rotation of the analyzer and then converted to a blue. S. Procopiu studied 
the optical effects of aluminium powder suspended in toluene. J. H. Gladstone 
#ave 9*7 for the atomic refraction equivalent of aluminium with the H,-line. 
W. J. Pope gave 14*>l for the at. refraction with the D-line. 

According to W. II. Bragg. the stopping power of aluminium for the a-rays 
is 1*45 (air unity). H R. von Traubenherg gave 40*t> x 10~ 4 cins. for the range of the 
a-rays from radium-C in aluminium. E. Rutherford and J. Chadwick obtained 
evidence of the emission of long-range particles possibly hydrogen— when a-rays 
pass through aluminium. J . A. Crowther gave 5*20 for the ratio of thecoeff.of absorp- 
tion of 0-rays and the density of the metal ; and W. J. Russell and F. Soddy gave 
0*111 per cm. for the coetf. of absorption of the y-rays from radium ; 0*130 per cm. for 
the uranium rays ; 0*092 per cm. for thorium rays : and 0*119 for the niesothorium 
rays. J. Neukirchen gave 0*0872 ±0*001 1 for the scattering cocff. of aluminium 
fot the y-rays from radium-C. R. Whiddington, K. W. F. Kohlrausch, F. K. Richt- 
myer, W. Duane and JL C. Mazuinder, P. A. lioss, C, G. Barkla and C. A. Sadler r 
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C. W. Hewlett, A. R. and W. Duane, E. H. Kurth, and H. («. J. Moseley studied 
the action of X-rays on aluminium, and the excitation of these rays by aluminium. 
The X-ray spectrum has been studied by E. H. Kurth, H. Kulenkampff, H. Bohlin, 
A. H. Compton, F. llort-on and co-workers, etc. The A'-series was measured by 
E. Hjalmar, and H. Fncke, who found, in Angstrom units, or 10 8 cm. units, 
a<>a' and oqa— 8’31940; a 3 ~8*2<>4(iO ; a 4 —8*25300 ; tt 5 — 8*20580; a 0 ~8*]8920; 
j3' 8*025 ; pip -7*1)405 1 ; W. Duane and K. (’. Mazumder, E. Rutherford, 
M. Ishino, S. J. Allen and L. M. Alexander, and A. W. Hull anil M. Rice, measured 
the absorption of X-rays. J. A. Decker studied the effect of a magnetic held on 
the absorption of X-rays ; R. Whiddington, the velocity of the electrons liberated 
by the action of X-rays; and F. K. Richtmyer, the absorption of X-rays by 
aluminium. The last-named found f.i t D -5*32, and p. -1*37 ; C. \V. Hewlett, 
fi(D— 5*17, and p-~2*30; and U. E. Taylor, fijl) -5* 15, and p ----- -2*29. F. K. Riclit- 

myer found a discontinuity in the X-rav spectrum for very short wave-lengths, 
and inferred the existence of characteristic J-radiations. J. (\ McLennan and 
M. L. Clark gave 123 3 for the critical voltage for the L-series of X-rays from 
aluminium. (L Schearer sought a relation between the at. number, and the number 
of electrons emitted by metals exposed to the X-rays. 

V. C. Gyllenskdld, J. Stark and G. von Wendt, H. Smith, and E. Beckmann 
and H. Linder studied the effect of the canal rays. E. A. Bichat found that the 
n-rays are not absorbed by aluminium. In the elect mlysis of soln. of sulphuric 
acid, hydrochloric acid, alkali hydroxides and chlorides, alum, etc., with an alter- 
nating current, and aluminium electrodes, a luminescence appears at the electrodes. 
With a current density of 0*06 amp. per sq. cm., the light is sufficient to enable 
print to be read. The light increases with increasing current density, but is 
diminished with a rising temp. With a direct current, the anode alone is 
luminescent. The phenomenon lias been studied by F. Braun, W. von Bolton, 
H. N. Morse, E. Kielhauser, F. Eichbcrg and L. Kalier, W. Mitkcwitsch. E. Kut- 
simkoff, and T. Tommasina. The photoelectric effect lias been studied by 
W. Ramsay ami .1 F. Spencer, B. Aulenkamp, K Herrmann, R. A. Millikan and 
(5. Winchester, 0. W. Richardson and K. T. Compton, A. L. Hughes, G. Rcboul, 
T. C. Sutton, A. E. Hennings and W. Kadesch, J. R. Nielsen. R. Pohl and 
P. Pnngsheim, and by 0 von Baeyer and eo-workers. W. Frese found the photo- 
electric sensitiveness to be greatly reduced after treatment with water or alcohol. 

R. Hamer found the limiting frequency of the photoelectric effect to beA 35% + 100. 
M. Hake found that colloidal particles of aluminium may become negatively 
charged by exposure to ultra-violet light ; with aluminium en masse the charge is 
positive. L. Uemandot studied the phosphorescence of alumina. A. Notion 
showed that an aluminium plate is opaque to ultra-violet solar radiations under 
conditions where a lead plate is permeable. 

Aluminium compounds do not impart any colour to the non-luminous gas flame. 
W. N. Hartley and H. Damage 14 have studied the spectrum produced by the oxy- 
hydrogen flame. A. Masson first made some observations on the spark spectrum 
of aluminium. More accurate observations on the spark spectrum have been madtf 
by G. Kirchhoff, J. M. Eder, R. Grtinter, R. Capron, W. A. Miller, R. Thalen, 
J. N. Loekyer, L. de Boisbaudran, A. 8. King, J. Parry and A. E. Tucker, R. Beeliger 
and D. Thaer, G. D. Schallonberger, W. Hpottiswoode, J. Dewar, W. N. Hartley, 
E. Fues, B. Hasselborg, F. McClean, J. M. Eder, E. Valenta, E. Demarcay, F. Exner, 

E. Haschek, G. A. Hemsalech, T. Tommasina, H . Konen, J . H. Pollok, A . G . G . Leonard , 

S. R. Milner, F. Paschen, etc. The most important lines in the visible spectrum are 
the yellowish-green lines at 572 3 and 569 6, the green line at 505*7, and the blue line 
at 466*2, Fig. 24. Many other lines are indicated in the Tables of wave-lengths. 

F. Brasack has stated that the presence of 0*(XXJ04 mgrm. of aluminium can be 
detected by the spark spectrum. The subject has also been studied by A. de Gra- 
mont. R. Bunsen thought that aluminium chloride gives no characteristic Hnes either 
in the flame or when sparked. An intense electric sparking is needed tg detect 
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small quantities. The arc spectrum of aluminium has been investigated by H. Kayser 
and C. Runge, W. Huppers, C. Ramsaur and F. Wolf, S. Procopiu, R. Grimter, 
L. Arons, 0. H. Basquin, H. Crew and J. Spence, R. SeeligCr and D. Thaer, J. C. Mc- 
Lennan and co-workers, etc. In the arc spectrum there is a number of character- 



Fio. 24. — Spark Spectral Lines of Aluminium. 


istic bands which, as M. Guichard and 1\ R. Jourdain showed, disappear if the arc 
be surrounded by hydrogen . The band spectrum has been studied by A. de Gramont, 
R. Thalen, L. de Boisbaudran, A. J. Angstrom, C. Ciamician, G. A. Hemsalech, 
G. Berndt, J. Lauwartz, and H. Morris-Airey. L. C. Glaser found the structure of 
tho band spectra of beryllium and aluminium to be similar. The bands in the ultra- 
violet spectrum are extremely characteristic, and they have been investigated by 
G. G. Stokes, W. H. Fulweilcr and J. Barnes, A. Hornli, R. A. Millikan, 
«l. L. Schdnn, A. Cornu, G. I). Liveing, J. Dewar, H. Deslandres, J. S. Ames, C. Runge, 
J. M. Kder, V. Schumann, and G. Berndt. The arc or spark discharge of aluminium 
under water gives an almost continuous spectrum, and W. Kasperowicz used it as 
a source of ultra-violet rays. The ultra-red reflection spectrum has been investi- 
gated by II. Bccquerel, F. M. Walters, W. W. Coblentz, and F. Paschen. The 
percentage reflecting power of sheet aluminium for different wave-lengths is : 

A 100 300 524 8-02 1040 12 03u 

Koflocting power 73-8 88 3 03 8 00 0 00-0 07 3 per cent. 

The enhanced lines have been studied by J. N. Lockyer, and J. Steinhausen ; the 
reversed spectrum, by A. Cornu, G. D. Liveing, and J. Dewar ; the causes of the 
variability of the k spectrum, by A. S. King ; the influence of the medium , by H, Finger ; 
the effect of temperature , by A. Wiillner; the effect of pressure , by A. Wiillner, and 
W. J. Humphreys ; V. C. Gyllenskold, and J. Stark and R. Kiinzer, the rgy 
spectrum ; and the Zeeman effect, by H. M. Reese. 

Tho absorption spectrum of aluminium vapour has been investigated by 
J. N. Lockyer and W. C. Roberts-Austen, W. Grotrian, and J. C. McLennan and 



Fiu. 25. — Absorption S|>ectrum of Alkanua and Aluminium Chloride. 


co-workers ; and of aluminium compounds in soln., by H. W. Vogel. The salt soln. 
of this element are colourless. H. W. Vogel showed that the absorption spectra of 
compounds of aluminium with some colouring agents is the best mode of applying 
the spectroscope to the detection of aluminium ; a soln. of haematoxyline was found 
to be very suitable for the purpose ; and J. Formanek said that tincture of alkanna 
is better. If a little aluminium salt be added to a soln. of alkanna when the 
reaction is completed, there is a prominent band at 685 7 and auxiliary bands at 
642*5 and*504‘8, as shown in Fig. 25. 

Th| scries spectrf of aluminium have Seen studied by A. Cornu, E. Fues, 




ALUMINIUM 191 

F. Paschen, G. D. Shallenberger, and H. Kayser and C. Runge. The last-named 
represented the two subordinate series of pairs of lines by the formula : 

First SerIes. Second Series. 

10*A“ l =48308*2- 156602m- 1 2505331m-* lO'A' 1 = 48244*5- 127527m-*- 687819m~* 

10^-* = 48420*2 -150062m-* 2505331m~* 10*A“ ! = 48356*5- 127527m"* -687819m-* 

The relations of these subordinate pairs of lines with gallium, indium, and thallium 
are illustrated by Fig. 25. The spectroscopic method of V. Rungo and J. Precht for 
estimating the at. wt. by plotting logarithms of 
at. wt. with logarithms of the distances of two lines 
— doublet separation— of the series spectra of related 
elements, and finding what at. wt. for a particular 
member of the family of elements lies on a straight 
line, was shown by W. M. Watts to agree with the 
aluminium family of elements. The method is illus- 
trated by Fig. 26. L. C. Glaser discussed the relation- 
ship between the spectra of beryllium and of alu- 
minium. F. L. Mohler and A. E. Ruark found the 
resonance potential of aluminium vapour to be 
0*014 for 2p 2 — 2pi ; 3129 for 2p 2 -*-2 s; and 4’(X)4 
for 2p 2 — 3c/ i t o J and for the ionization potentials, 

2p 2 — 5*960; and 2p x —5*946. J. E. P. Wagstaff 
gave y— 7*5 x 10 12 for the vibration frequency. 

J. M. Edor studied the actinic value of the light 
from burning aluminium. 

C. Davisson and C. II. Kunsman 15 studied tin; scattering of electrons by alu- 
minium. 0. Edclmann found that for low voltages a layer of aluminium powder 
8 mm. thick is practically a non-conductor ; at 360 volts and upwards it conducts ; 
and for the high voltages of frictional electricity, it may be regarded as a good 
conductor. R. D. Kleeman and W. Fredrickson found that if an electric current 
be passed through water in which aluminium and carbon are immersed, the 
aluminium acquires a negative charge. 

A. T. Thomson, Lord Kelvin (W. Thomson), and H. St. (\ Deville early noted 
that the electrical conductivity of aluminium is high. If the conductivity of copper 
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Flo. 27. — Series Spectra of Aluminium, Indium, and Thallium. 


be 100, J. C. PoggendorfI said that the conductivity of aluminium is 51 3 ; and »f 
that of silver be 100, A. Matthiessen said that the conductivity of aluminium is 33 76. 
Measurements were also made by H. Buff, M. Weber, G. K. McGee, L. Lorenz, 
A. Emo, L. Weiier, A. Stein, J. B, C. Kershaw, A. Arndtacn, W. Jager and H. Dies- 
selhorst, A. Schulze, eto. The earlier determinations arc mainly of historical interest. 
The deviations in the determinations by different observers are largely due to 
(i) Variations in the purity of the metal used. Only in 1889 was metal of 99 per 
cent, purity in commerce, (ii) References to copper or silver as standards require 
a knowledge of the degree of purity, and the history of these metals. Errors also 
arise from the lack of accurate standards of resistance as well as imperfect methods 
of measurement. The general result shows that the electrical conductivity of 
aluminium is 60 3 per cent, of that of annealed copper. A. Sturm found the con- 
ductivity at 0° to be 35*6 x 10 4 rec. ohms. Working with highly purified aluminium, 

0 
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G. Niccolai found that the conductivity of aluminium, over a wide range of tempe- 
rature, in reciprocal ohms, when that of mercury at 0° is 1*063 X 10 4 , is 

~I8U J -UK/ 0 J 100" 400’ 

Conductivity . 150/ 10* 65-2x10* 38*2/ 10* 25*9x 10* 12*5x 10* 

J. Dewar and J. A. Kleming’gave for 99 per cent, commercial aluminium : 

-ln:r -78' 0' 02 2 J 101*5° 

Conductivity . 178*0/ 10* 58-7xlO l 390/ 10* 28*3/ 10* 21 0/ 10* 

J. W. Richards and J. A. Thomson found that annealed aluminium wire has a con- 
ductivity very nearly one percent, greater than unannealed wire. E. F. Northrup 
measured the electrical resistance of 99*67 per cent, aluminium containing 0*16 per 
cent, silicon, 015 per cent, iron, and 0*02 per cent, of copper; and annealed by 
heating to redness, and cooling in air ; and found 2*75 microhms per c.e. at 20°, and 
this increased linearly with temp, to 3*66 microhms at 100°. A. Somerville gave for 
the temp, coeil. of the resistance of aluminium wire between 18° and 100°, 0 0038 ; 
and at 25°, 0*(H)331 ; at 50'\ 0*00337 ; at 100°, 0 003*10 ; at 500°, 0*00350 ; and at 
600" 0*0060; L. Holborn gave 0*00*145 between 0° and 100°. L. Cailletct and 

K. Monty gave 0*00388 between ~91 v and 28° ; J. Dewar and J. A. Fleming, 0*00390 
between 100° and O' 1 ; and 0*00423 between 0° and 100°. R. Benoit gave' 
R R {) ([ j 0*0038760 1 0*0 5 13200- ). For temp, in the vicinity of atm., the best 
representative value is 0*0039. J. W. Richards and.!. A. Thomson found the best 
representative values of the resistances of hard and soft aluminium to.be 2684 and 
2659 per c.e. in G.G.S, units at0°. W. Broniowsky gave /?— 40*1 X lO-(i -{-0*004250) 
for the resistance of hard aluminium at 0° between 0° and 100° ; and R- -38*5 
X 1 1 | 0*004100) for that of the soft metal. H. Tsutsumi found for the ratio of 
the conductivity of aluminium in the liquid and in the solid states at its m.p. 
to be 1*61. 

I*. \V. Bridgman measured the effect of pressure, expressed in kgrms. per sip cm., 
on the electrical resistance of 99*17 per cent, aluminium containing 0*23 per cent, of 
iron, 0*21 per cent, of silicon, and 0*06 per cent, of copper. The wire was annealed 
at 120°. The iuitiul resistance was 18*7 ohms at 0°, and the temp, coelf. 0*00434. 


(J 2.V 50* 75 J J ()()'* 

It* . . 1 0000 11077 1*2159 1 3245 1*4337 

lOk^im. . 0*O a 4IH ~00.|I0 -0*0.405 0*0^401 0*0 4 397 

Press, coell.i 12,000 kgrms. 0-0,347 -0*0,349 -0-0,351 -0-0,354 0*0.350 

| average . 0*0,, 3815 ■ -0-0,3794 -0*0,3781 -0-0,3772 -0*0 4 3766 


The mean press, coelf. is -OO r? U6 at 0\ \Y. E. Williams obtained 0*0 6 37. 

W. Fraenkel and K Scheuer studied the etleet of ageing on the properties of alu- 
minium alloys. L. Guillet found the electrical resistance of commercial aluminium 
to be 2*8 micro-ohms per cm. cube, and with less pure metal, the resistance increases. 
Mechanical treatment inei eased the resistance slightly ; and in tempering, the more 
♦rapid the quenching the higher the resistance. A. T. Waterman applied the electronic 
theory of conduction to aluminium. 

Many reports lrt have been made on the uses of aluminium based on its relatively 
high electrical conductivity. A. L. Williams found that, unlike copper, aluminium 
does not fuse with mica to form a conducting mixture. O. Jaamaa and Y. E. G. Lein- 
berg measured the resistance of powdered aluminium mixed with marble. 

The electrode potential of aluminium has proved very difficult to measure 
accurately. In alkaline soln. commercial aluminium precipitates zinc, but not in 
neutral or acid soln. ; amalgamated aluminium, however, does precipitate zinc from 
neutral soln., it vigorously decomposes water, rapidly oxidizes in air, and generally 
exhibit-8 characters which place it in the electrochemical series directly after mag- 
nesium and the metals of the alkaline earths. This is taken to mean that commercial 
aluminium is in a passive state, otherwise expressed, it is more noble, and less active 
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;han the amalgamated metal. Iu attempting to measure the electrode potential, 
B. Neumann 17 obtained the best results with plates of aluminium cleaned with 
ilkaiidye, and then rubbed while hot with mercury. No amalgam is formed, but 
die mercury mechanically held by the plates helps depolarization. With the cells 
A1 | Al2(S0 4 ) 3 , A1 | AlClj, and Al | A1(N0 3 ) 3 against KCl—Hg he found that the 
electrode potential of aluminium against the normal sulphate is +1040 volts, the 
normal chloride +1015 volts, and the normal nitrate +0 0775 volt. (\ R. A. Wright 
and C. Thompson made some observations with aluminium against copper in a soln. 
of the sulphate ; aluminium against cadmium in soln. of the chloride and bromide ; 
and aluminium against zinc in soln. of the sulphate, chloride, and bromide. As 
a result, N. T. M. Wilsmore provisionally set up the electrochemical series of electro- 
lytic potentials : 

K Na Ba Sr Ca Mr Al Mn Zn ... 

+ 3-20 +2-82 +2*82 +2*77 +2*56 +2-54-1*49 +1 270 f 1-075 +0-770... 

R. Muller and F. Hdlzl studied the potential of aluminium and amalgamated 
aluminium in soln. of aluminium chloride, potassium chloride, hydrochloric acid, 
and sodium hydroxide. In G 8N-HC1, aluminium is more electropositive than the 
amalgam. The anomalous behaviour under some conditions is attributed fc> a 
coating of oxide. F. H. Jeffrey studied the electrolyses of soln. of sodium nitrite, 
and of potassium oxalate with aluminium electrodes. F. Strcintz and F. Fiala 
studied the polarity of the aluminium cell. N. R. Dhar measured flu* difference of 
potential of aluminium against soln. of potassium chloride, and found 0 03 volt 
for the potential against water. t\ M. van Deventer and II. vail hummel found that 
experiments on amalgamated aluminium also agree with this position for aluminium 
to the left of zinc. The inactivity of ordinary aluminium in a zinc | acid | aluminium 
cell is caused by a coating of aluminium oxide which with amalgamated Aluminium 
is much less stable. The fact that this coating is a leaking insulator explains tho 
abnormal electrical behaviour of ordinary aluminium. F. Strcintz placed tho 
elements in the order Mg, Zn, Al, Cd, Fe, Sn, Bi, Co, Sb, Cu, Ni, Ifg, Pt, and Au. 
(J. F. Burgessand C. Hambiichen found t he potentials in volts of.aluminium electrodes 
indicated in Table IV against a normal calomel electrode. They also tried mixtures 
of ammonium chloride with ammonium fluorides and with potassium fluorine. 
They infer that of these combinations aluminium fluoride is the best, salt to use in 
connection with aluminium for battery purposes. * 

Table IV. Potentials of Aluminium Electrodes in Aqueous Solutions (Volts) 


Tim** In bourn. 


N-KCl 
AIC1, (comm.) 
Aid, (pure) d ' 

nh ci . 
n-h,so 4 

N-HNO, . 
N-NaOH 
0-IN-NaOH 
N-HF 
N-NH.d 
N NH,F . 
NKF . 
0-1 jV*KF . 



00 

0-6 

50 

21 fl 

77'9 

09-9 

dil . 

0*370 

0-226 

0-226 

0-220 

0-232 

0-260 

0-382 

0-220 

0-220 

0-211 

0-220 

0-220 

0-301 i 

0-205 

0-211 

0-199 

0-214 

0-217 


0-400 j 

-0-062 

0-211 

0-250 ; 

0-232 

0-232 


0-400 

0-139 

0-151 

0-169 1 

0130 

0130 


0-220 ! 

0040 

0-040 

-0023 j 

- 0 032 

-0017 


1120 i 

0-964 

0-889 

0-790 

0-925 

1-090 


1-147 ! 

0-913 ! 

0-826 

0-220 

0-820 j 

0-874 


0-430 | 

0-397 ! 

0-238 

0-229 

0-370 j 

0-289 


! 0-367 

0-274 

0-580 

0-235 

0-250 ! 

0-310 


! 0-926 

0-595 j 

0-556 

0-217 

0-400 | 

0-454 

• | 

o-oio ! 

-0053 j 

-0-023 * 

i -0068 

-0026 i 

- 0-063 

I 

0-223 : 

0-445 ! 

0-652 

-0-026 
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According to E. Heyn, hardened aluminium is electropositive to the soft or 
annealed metal by about 0*03 volt in ordinary tap-water. H. Buff tried aluminium 
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in Bunsen’s cell; J. Regnauld, in the cell Zn , ZnS0 4 , A1 2 (S0 4 ) 3 | Al ; F. Streintz 
Studied the. cells Zn | Zn(NO ;1 ) 2 , AI(N0 3 ) 3 , Al, and Zn | ZnCl 2 , A1U, | Al. F. Exner 
measured I lie potential difference with aluminium and soln. of the halogens and 
tin) halide acids. F. Wohler studied the cell Al | cone. HN0 3 , dd. NaOH , Al, and 
Al l cone. UNO.,, dil. HCI | Al; and V. Kistyakowsky measured the electrode potential 
of the cell Al | N-W ions W-H ions | H 2 on platinum. F. Wohler and H. Buff 
studied aluminium anodes in a soln. of sodium, ammonium, ferrous, or manganous 
chloride ; the hydrogen is contaminated with spontaneously inflammable silicon 
hydride.’ V. Neyreneuf obtained a similar result on both aluminium electrodes by 
rising an alternating current for the electrolysis. W. Beetz investigated the aluminium 
anode in dil. sulphuric acid Zn | ZnS0 4 , H 2 S0 4 | Al ; and A. Coehn, in soln. of 
aluminium sulphate. H. T. Barnes and co-workers studied the behaviour of 
aluminium electrodes in water containing dissolved air, oxygen or hydrogen peroxide, 
and the abnormally high e.m.f. was connected with the presence of free oxygen in 
the water. The combination Mg | AL(S0 4 ) 3 | Al gave a considerable current which 
rose to about 2 volts if hydrogen peroxide was added. 

II. Bull, and ('. Wheatstone noted that aluminium as anode in nitric'acid or other 
oxidizing soln. becomes passive and electronegative. According to E. Newberry, 
aliltninium in alkali-lye becomes passive with a current density of 600 milliamp&rcs 
per sip cm., giving an anodic overvoltage of 0*65 volt. When the current density 
is reduced to 400 milliamperes per sq. cm. the overvoltage falls to O’Ol volt. 
Below this, the metal dissolves slowly. It cannot be passivated in sulphuric acid. 
A very thin, brass-coloured film forms on the surface of the passive metal and 
prevents the current density from rising above 600 milliamperes per sq. cm. with 
an applied electromotive, force of 8’2 volts. The polarization of the aluminium 
electrode has been studied by H. Bull, who attributed it to the formation of a 
layer of silicon owing to the use of impure aluminium ; and W. Beetz, to a layer 
of suboxide. 1*. (I. Tuit, and K. Pirani measured the e.m.f. of the polarization. 
The attention of K. Dueretel, (\ Poliak, L. Graetz, P. Askenasy, F. Kohlrausch, 
A. Overbeek, A. M. Scott, F. Streintz, A. Naccari, P. Straneo, A. Isenburg, 
K. K. Gut be, (».('. Schmidt, and A. Bartorelli has also been attracted to this subject. 
When an aluminium anode is used m passing a current through an aq. soln. and the 
press, does mit exceed 20 volts, the current ^■hMi.iiiwiiy** t<o Zero, probably owing to 
the formation of a layer of aluminium, Wfffltociuc. A. Smits and co-workers explain 
the strong positive character of the metal by assuming that primarily the metal 
surface becomes poor in ions and electrons, i.e. the metal at its surface passes into 
a metalioidal state and then has a low electrical conductivity. The oxygen separa- 
tion and subsequent oxide formation are then secondary phenomena. They say that 
the commercial metal is not coated wit h a film of oxide, and that anodically polarized 
aluminium has no primary oxide layer. A. Glint her-Sehulze claims that this is 
opposed to known facts. It. Muller and F. Hblzl have investigated this subject. 
U. Sborgi and P. Marchetti studied the anodic behaviour of aluminium in a sat. 
soln. of lithium chloride in acetone. If a gradually increasing e.m.f. be used, 
F. Fischer showed that when the voltage attains a certain critical value, the coating 
on the anode is suddenly pulverized, and the current suddenly increases to 50 times 
its initial value. The critical voltage depends on the temp, and nature of the electro- 
lyte ; if a hollow anode be cooled internally the non-conducting layer will withstand 
220 volts, when under ordinary circumstances 20 volts suffice to break it down. 
E. Lecher found that when the film is formed, the wire is heated, the film is a poor 
thermal conductor, and its temp, is raised until the soln. in the vicinity of the anode 
boils. K. Norden analyzed the filpi obtained when dil. sulphuric acid is the electro- 
lyte and found 69 8 per cent, of alumina, 13*2 per cent, of sulphur trioxide, 14 8 per 
cent, of water, a few small particles of aluminium, and 2*2 per cent, of silica. The 
silica is probably derived from the oxidation of the silicon in the aluminium. A 
mixture«of a basic sulphate and aluminium l\ydroxide, A1 2 0(S0 4 ) 2 .H 2 0-F10A1(OH) 3 , 
with 9 ‘25 per cent, of aluminium would have the same composition as the analysis. 
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W*. W. Taylor and J. K. H. Inglia found that if a dil. sulphuric acid cell, in which 
i;he resistant film has been formed, be treated with potassium chloride, bromide, 
nitrate, chlorate, or thiocyanate, there is a ready passage of the current ; potassium 
icetate does not act. They assume that the film of aluminium hydroxide which is 
formed is impermeable to A1 •-ions and S() 4 "-ions. They measured the rates of 
diffusion of these salts in aluminium hydroxide films, and also the effect of these 
salts on the rate of soln. of the hydroxide in sulphuric acid. Potassium bromide 
has very little influence on the solubility. A. Heydweiller gave 40 for the speed ol 
migration of aluminium ions, and W. Ostwald gave 392 Cals, per valence for the 
heat o! ionization of aluminium. 

A. Giinther-Schulze found that with two uniform aluminium electrodes the 
electrolysis of a soln. of sodium metaphosphate by an alternating current of 50 cycles 
furnishes oxygen and hydrogen as though each phase were present alone. No 
appreciable depolarization of the products of one phase is brought about by those 
of the next 'phase. R. 1). Kleeman and W. Fredrickson studied the electric, charge 
assumed by an aluminium wire immersed in a liquid. If a cell be constructed 
with a platinum and an aluminium electrode, with a sulphate, phosphate, or 
oleate as electrolyte, then during electrolysis with an all (‘mating current, the 
current only passes in one direction when the aluminium is the cathode. The 
polarization when aluminium is the anode prevents the current passing. 
Hence, it is possible to utilize the phenomenon in obtaining a direct from an 
alternating current. The aluminium rectifier, or the electrolytic valve action of 
aluminium has been studied by *S. B. Charters, A. Giinther-Schulze and co-w T orkers, 
G, E. Bairstow and R. Mercer, E. Wilson, A. Emits, etc. For the luminescence 
of the anode during electrolysis with an aluminium anode, rule supra. F. Fischer 
and 0. Htihnel, and V. Kohlschiitter and co-workers examined the disintegration 
of aluminium electrodes in the vacuum tube containing different gases. S. Kyro- 
poulos studied the electrodeposition of copper, silver, chromium, and nickel on 
aluminium. 

The values of the thermoelectric force, E, of the aluminium-platinum couple, 
determined by W. Jiiger and H. Diesselhorst, 18 J. Dewar and J. A. Fleming, K. Noll, 
W. H. Steele, and E. Wagner, range from f-0‘37 to 0*4 1 millivolt per Kty 1 '. 
E. F. Northrup represented the e.m.f. of the alumitiium-coppei couple by Ex 10° 
=4*51— U‘01220 2 fO(XXX)4330 3 volts. For the aluminium-silver couple, W. M. Lati- 
mer found at 100°, dEjdT to be 3 7 microvolts per degree ; at 2(X)°, 4 '4 ; at 30?)*’, 
5'0 ; at 400°, 5*9 ; at 5(X)°, 7*5; and at 600°, 10*1 microvolts per degree. i\ G. Tail 
obtained — 0 68 for the aluminium-lead couple at 20°, and - -0*56 microvolt at 
50° ; and dE/dd-~ 0*00390— 0*76, so that the neutral point is 195°. P. W. Bridgman 
represents the results with purified and annealed aluminium for the Al-Pb couple : 
E x 10° -- — 0*4160 -f 1 O*O 4 80 2 — O*O 4 10 3 volts, and with commercial aluminium, E x 10° 

— O'3780-OO 4 50 2 -fOO 5 940 3 volts; for the Peltier effect, irrespectively with these 
two couples, PxlO 6 -(~O-416|O*(XX)l60-O*O 4 30 2 )(0+273) volts, and Px 10° 
“X — 0-378 -0 00010 +O'O 4 2820) 6 (0+ 273) volts; and for the Thomson effect, <r, 
respectively <rxl0 fl ^(0 , 00016 -O*O 4 60)(0+273) volts per degree, and rrxK) 8 
~(— 0 0001 -j-O*O 4 5640)(0-f 273) volts per degree. The differences in the numerical 
constants are not large. The effects of press, on the thermoelectric force of a couple 
composed of one branch of uncompressed metal and the other branch of the same 
metal compressed to the press, indicated in kgrms. per sq. cm. : 

10’ 20" 40° 00° 80’ 100’ 

1 2, 000 kgrms. . -0*031 - 0 054 0 073 -0 058 -0 002 +0*101 

4,000 kgrms. . 0*048 - 0*081 -0 104 -0*060 +0 006 +0-294 

8,000 kgrms. . -0*070 -0 089 -0 046 +0*146 +0*478 +0-929 

12,000 kgrms. . -0 069 -0*068 +0*130 +0*543 +1*151 +1*962 

The cold junctions were kept at 0°. The metal was specially purified. The 
e.m.f. is given in volts X 10 6 , The reversals of sign are not considered to be 
due to the assumption of two modifications in varying proportions. The curves, 
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§ 5. The Chemical Properties of Aluminium 

, J. B. A. Dumas 1 found that when aluminium is gradually heated in vacuo, while 
the pump is active, occluded gas is released somewhat suddenly towards a red heat ; 
200 grms. of metal occupying 80 c.c. gave 89*5 e.c. of gas at 17° and 755 mm. press. 
The gas contained 1*5 c.c. of carbon dioxide, and 88 c.c. of hydrogen-carbon 
monoxide, nitrogen, and oxygen were absent. Gas is evolved when cathode rays 
are generated in evacuated tubes witli aluminium electrodes. This subject has been 
studied by It. von Hirsch and F. Soddy. E. Gohnstadt said that the gas given off 
by aluminium electrodes is water vapour and not hydrogen, and added that glass 
and aluminium surfaces will retain water even when heated to 500° or dried over 
phosphorus pentoxide. J. (V.ochralsky studied the absorption of nitrogen, air, 
sulphur dioxide, oxygen, carbon monoxide and dioxide, hydrogen, and coal gas by 
aluminium. He found that molten aluminium does not begin to dissolve any of 
the common gases until about 9(X)°, but at higher temp., considerable amounts may 
be dissolved, and retained in the form of minute blowholes in the solid metal. The 
following table shows the amounts of gas, in volumes per cent., dissolved at the high 
temp, and retained by the solid metal at ordinary temp. ; 



N, 

u* 

Air 

10 

co t 

SO. 

Hj Town gaa 

1200° 

. 0-4 

2-5 

1*3 

1-3 

2-5 

54 

0*5 5-5 

1500° 

. 3 

12 

0 

8 

12 

7 

15 12 5 


In the case of the first six gases very small amounts of the absorbed gases combine 
with the metal with formation of aluminium nitride, oxide, carbide or sulphide, and 
the metal structure shows characteristic inclusions of these constituents. The 
mechanical properties of the metal after treatment with any of the above gases 
showed practically up change, but in all cases blisters and splitting of the edges 
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occurred during rolling. The most suitable temp, for rolling metal containing many 
gas-pores was found to be between 300° and 350°. G. Neumann and F. Streinti 
found that sheet aluminium absorbed 1*1 to 2 7 vols. of hydrogen at n.p.t. ; the 
gas is absorbed when hydrogen is made the cathode in an electrolytic cell. 
H. G. Deining and B. C. Hendricks found aluminium to be impermeable to hydrogen 
at temp, up to 550°. E. Duter said that an aluminifhm hydride is formed during 
the electrolysis of distilled water with an aluminium cathode, and added that it is 
immediately decomposed by water. M. Guiehard and P. R. Jourdain measured 
the gases evolved when old and new aluminium is heated in vacuo. The gas comes 
partly from the surface, and partly from the body of the metal. The proportion of 
carbon dioxide in the gases exhibits the most marked variation. A. Berliner found 
that at 410°, aluminium exercises no perceptible influence on the union of hydrogen 
and oxygen, due, he suggests, to the fact that aluminium occludes no appreciable 
quantity of hydrogen. F. Paneth and co-workers could find no evidence of the 
formation of an aluminium hydride. 

Both F. Wohler, 2 and H. St. 0. Ueville agree that “ moist or dry air has no 
action on aluminium,” and G. Werther said that he has kept sheet aluminium for 
many years exposed to air without being able to detect the formation of any oxide ; 
but E. von Bibra found an impure sample was covered with oxide after being exposed 
to the air for some months. G. H. Bailey found the corrosive action of air or oxygen 
at ordinary temp, is negligibly small. H. St. t\ Deville was ent husiastically emphatic 
on the resistance of aluminium to oxidation in air and oxygen : 

Aluminium may bo molted in air with impunity, and therefore air or oxygeu eannot 
Honmbly affect it. The metal moated oxidation at the highest temp, of a cupel furnace. 
When the metal button is covered with a layer of oxide which tarnishes it, the expansion 
of the melted metal causes small branches to shoot from its surface, which are very brilliant 
and do not lose their lustre in spite of the oxidizing atm. F. Wohler has also observed 
this property on trying to melt the metal with a blowpipe. E. M. JNMigot has protited by 
it to cupel aluminium. I huvo seen buttons of impure metal cupelled with lead and become 
very malleable. With pure aluminium the resistance of the metal to direct oxidation is so 
considerable that at the m.p. of platinum it is hardly appreciably touched, and does not 
lose its lustre, it is well known that the more oxidizuhlo metals take this projierty away 
from it; but silicon itself, winch is much less oxidi/.ahle, when alloyed with it makes it 
burn with great brilliancy, because aluminium silicide is funned. • 


These statements give a wrong impression, and illustrate the danger of present- 
ing a case like a skilled advocate before a jury, exalting the importance of evidence 
for one side, and belittling the evidence on the other. The proper attitude, of 
course, is to present the case as an impartial judge weighing fairly the evidence 
presented by both sides. H. St. C. Deville’s position will be dear from the historical 
notes. J. W. Mallet said that pure aluminium is more readily oxidized in air than 
is the impure metal. In air, commercial aluminium gradually becomes coated with 
a thin film of oxide so that the metal soon loses its brilfianey and acquires a matte 
surface which gives it the appearance of old zinc. The film protects the metal from 
further oxidation. Air and rain-water also corrode aluminium. A. LiVersidge 
said that “ the surface becomes rough and speckled with grey spots mixed with 
larger light grey patches ; it also becomes rough to the touch, the grey patches can 
be seen to project above the surface, and under the microscope, they present a 
blistered appearance. This incrustation is held tenaciously, and does not wash off, 
neither is it removed on rubbing with a cloth.” The coating can, however, be removed 
by washing with dil. acid. When aluminium is melted in air, it acquires a surface 
film of oxide which restrains the free flow of the metal ; this film also protects 
the melted metal from further oxidation. Ah H. Moissan showed, aluminium burns 
with a vivid incandescence when heated in the electric furnace, although here it is 
possible that the metal first volatilizes and it is the vapour which burns. Hence, 
a white cloud of alumina issues from high temp, electric furnaces in which aluminium 
is present. # 

H. Buff observes that fine pulverulent aluminium is sooa oxidized by exposure 
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to air. N. B. Billing and R. E. Bed worth found that at 600° there are two distinct 
stages in the oxidation of aluminium. A thin layer of oxide is s'^Iy formed. 
the process occupies 60-80 days. Oxidation then ceases because of the complete 
impenetrability of the film. The weight of the oxide film is 01 mgrm. per aq. cm^, 
and it would be 0-00002 cm. thick if of normal density. F. Wohler, and M. Degousse 
showed that aluminium-leaf 'burns brightly in air, and in oxygen, yielding a brilliant 
bluish light and forming alumina -C. Matignon found that in air some aluminium 
nitride is formed during the combustion. A. Duboin said some aluminium suboxide 
A10, is formed when a mixture of a mol of alumina and four gram-atoms of 
aluminium is ignited. According to W. Muthmann and K. Kraft, the ignition temp, 
of aluminium in oxygen is 580°. Aluminium foil and wire also burn m oxygen. 
According to F. Wohler, aluminium foil is best ignited in oxygen by wrapping it 
round a splinter of wood. A. M. Villon showed that finely powdered aluminium 
burns brilliantly when projected into a dame, and has largely displaced magnesium 
powder for flash-light mixtures because it is cheaper; it gives almost as strong an 
actinic light, and does not give such unpleasant smoke or fumes A. M. Villon 
recommended a mixture of 100 parts of aluminium, 25 parts of lycopodium, and 
5 parts of ammonium nitrate. J. M. Eder has studied the actinic power of 
the light. 


Tho aluminium diiut of commerce in finely divided aluminium metal witli a coating of 
oil, usually stearine or some similar material. This coating evidently serves to prevent 
oxidation in air and to protect the metal particles from the action of moisture, as it is stated 
that tho product loses its lustre if no oil bo addod. Aluminium dust is so light that it is 
easily blown about a room, and, as the workmen seldom take precautions to prevent this, the 
workrooms are soon coated with dust. According to A. Leighton, experiments do not 
show the exact conditions under which an ignition of tho aluminium dust is obtained, they 
do show that it may ignite at temp, even lower than those necessary for the ignition of coal 
dust ; but more heat is needed to ignite aluminium dust. Ilonco precautions should bo taken 
to prevent loose aluminium powder from being blown into tho air. 

In making aluminium powder, the metal is pounded in stamp-mills, sorted according to 
rnze of gram, and polished in polishing mills. Very fine sorts are subjected to a rubbing 
treatment after sifting and before polishing, by grinding tho motal dust with a soln. of gum 
arabic. Serious explosions have occurred in tho sifting and polishing machines, due 
apparently to the ignition of dust by accidental sparks in the machinery, so that, in order 
to iuinimizo the danger, rules for use in factories making aluminium-bronze powders have 
boon formulated, by l h r tiuddeutincfic vdcl • und vmddmctuU lierufstjenoBscnschaft fiir die 
llerjtdlunu von Aluminium in I'lilvir. Ordinary aluminium bronze powders do not flash 
when blown through a flame, hut the finer kinds can bo ignited in this way or even by a 
lighted match. H Stookmeier states that in addition to the danger arising from accidental 
sparking from machinery starting the oxidation of the powder as a dust oxplosion, there is 
also a risk due to the production of hydrogen by the action of water on aluminium dust, 
e.g. m washing out the gum - the action begins at 3U°, for it is not appreciable at 20° ; and 
K. if. Zink suggested that the action of water on the small amount of aluminium carbide 
in aluminium produces inflammable hydrocarbons, thus 01 per cent, of aluminium carbide 
in 10 kgrms. of aluminium tu*uld give 4'8 litres of hydrogen. The subject has also been 
discussed by O. Kdelmann, M. M. Richter, M. Bamberger and H. von Jiiptner, O. Bauer, etc. 


According to E. Kohn-Abrest, aluminium powder is not oxidized by eight days’ 
heating in air at 100°, but oxidation can be detected after eight days’ exposure to 
175°. When aluminium powder is heated in a current of air, it begins to absorb 
oxygen at 400° ; between 4(X)° and 625°, the rate of absorption increases steadily 
and remains constant between 625° and 750°. At 800°, a further absorption . of 
oxygen commences, which increases as the temp, is raised to 1000°, and then remains 
constant between 1000° and 1200°. When aluminium powder is heated during 
one hour at 1000°, or for the same period at temp, rising from 500° to 1050°, 59 per 
cent, of oxygen Is absorbed, but no further absorption of oxygen occurs when the 
heating is continued for another two hours at 1000°. The product is a homogeneous 
pearl-grey powder, which decomposes hydrochloric acid with effervescence. It is 
pointed out that the formation of a suboxide A10 would require the absorption of 
nearly 59 ^>er cent, of oxygen. H. Hinze found that amalgamated aluminium is 
rapidly oxidized in aiiv and aluminium which has been rubbed with mercury or a 
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salt of mercury is quickly oxidized in air, When aluminium is allowed to stand on 
mercury covered with a thick film of oxide, H. F. Hunt and L. J. Steele found that, 
although no amalgamation is perceptible, the aluminium is rapidly converted into 
its hydroxide. The action is not so rapid when the metal is kept beneath dirty 
mercury, and is very slight when aluminium is floated on freshly distilled mercury. 
The action is most rapid with aluminium which has had its surface amalgamated. 
G. le Bon found that aluminium foil coated with a thin film of mercury is quickly 
oxidized by exposure to air, and a strip of the metal placed vertically in a vessel 
containing water and mercury is continuously corroded at its lower end until 
completely disintegrated. Since aluminium which has been pressed on moist 
platinum, silver, or tin behaves similarly, H. Hinze assumed that the increased 
oxidizability of aluminium is an electro -chemical effect, and is a good illustration 
of H. E, Armstrong’s theory of chemical action. The phenomenon has also been 
studied by 0. Jehu, P. Spiea, C. Reichard, G. A. Maack, E. 0. Erdmann, etc. 
-h vide infra , aluminium amalgam. V. Zunino’s analysis of the voluminous, grey, 
spongy mass formed when aluminium is immersed in mercury, and afterwards 
exposed to moist air, agrees with AlgOg.bHoO, or A1(0H) 3 .H 2 0. J. II. Bailie and 
C. F6ry gave the composition ALOfOH^. P. R. Jourdain said that still moro 
water is absorbed iu a moist atm., and in a dry atm. or in vacuo at 200°, water 
is slowly lost, but the weight does not become constant even after several days. 
He also showed that some carbonate and peroxide arc present in the product. 

According to H. St. C. Deville, 3 water has no action on aluminium either at 
ordinary temp., at 100°, or at a red heat bordering on the m.p. of the metal. He 
said : 

I boiled ft fine wire in water for half an hour and it lout not a particle in weight. The 
samo wire was put in a glaaa-tube heated to rodneaa by an alcohol lamp and traversed by a 
current of steam, but after several hours it had not lost it« polish, and had the same weight. 
To obtain any sensible action it is necessary to operate at the highest heat of a revorbe- 
ratory furnace— a white heat. Even then tho oxidation is so feeble that it dovelops only 
in spots, producing almost inappreciable quantities of alumina. This slight alteration and 
the analogies of the metal allow us to admit that it decomposes water but feebly. 

He added that the metal prepared by reducing cryolite with sodium is almost un- 
avoidably contaminated with slag composed of the chlorides of sodium and alu- 
minium ; and when treated with water the aluminium chloride acts like an acid dis- 
engaging hydrogen. When the metal thus tarnishes in water, the presence of chlorides 
can be detected in the liquid. F. Wohler, and R. Bunsen also found that tho metal 
they prepared acted on water at 100°. H. St. C. Deville was not quite correct. 
According to W. Smith, there is a very slight action when aluminium powder and 
water are heated in a platinum dish to incipient boiling ; but if heated in an ordinary 
test-tube, a vigorous evolution of hydrogen was observed. It is here assumed that 
the water dissolved a little alkali from the glass, and so attacked the metal. 
A. Liversidge found that commercial aluminium is attacked by rain-water, almost 
as readily as zinc is attacked. M. C, Schuytcn showed that a drop of potassium 
permanganate soln. accelerates the decomposition by boiling water, but this is riot 
the case with chlorates, perchlorates, or nitrates. J. H. Gladstone and A. Tribe also 
found that in the presence of a trace of iodine, of hydriodic acid, or of aluminium 
chloride, bromide, or iodide, or zinc chloride, aluminium decomposes water at 
ordinary temp, or at 100°. In all cases, hydrogen and aluminium hydroxide are 
formed. A. Ditte explained the action of water on aluminium by showing that the 
products of the reaction, hydrogen and alumina, deposit on the metal covering it 
with a thin protective film. If the conditions be such that the film is removed, tha 
action becomes manifest. Boiling* for instance, removes the hydrogen, and if 
aluminium chloride, sulphate or nitrate be present in the water, the alumina may be 
removed, and the action goes on until a subsalt is formed which is sparingly soluble 
or insoluble. This covers the metal with a new protective film. L. Hugounenq 
found that purified aluminium is not attacked by purified water, but aluminium of 
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commerce is attacked owing to the formation of local couples. C. Tissier said that 
the formation of the couple dispels the passivity of the aluminium. A. Scala, 
F. Schdnfeld and 0. Himmelfarh, and many others have studied the action of water 
on this metal. C. Matignon showed that aluminium powder is slowly attacked by 
water at 100° ; and that the powder when ignited in air and plunged into steam, 
continues to hum with tho evolution of hydrogen. H. J. Gladstone and A. Tribe 
showed that if aluminium be dipped in an acidified soln. of cupric sulphate or 
platinie chloride, and washed, it gives only a little hydrogen with water at 12°, but 
copious quantities are evolved at 100°. J. H. Bailie and C. Fery found that amalga- 
mated aluminium decomposes water at ordinary temp., and that the change is 
especially rapid with very thin sheets of metal amalgamated on the surface. G. lc 
Bon, W. van Iiijn, and P. Spica confirmed this observation. The aluminium foil is 
amalgamated by dipping it in an aq. soln. of mercuric chloride, and afterwards 
washing it in water. When a strip of aluminium is dipped in water containing a few 
drops of hydrochloric acid and a very small quantity of mercuric chloride, the 
formation of alumina can be observed in a few minutes, and the strip when removed^ 
from the liquid oxidizes very rapidly in air. The mercury-amalgam couple or, as 
J. Wisliccnus called it, excited or activated aluminium, was shown by W. R. Ormandy 
and J. B. Cohen, and J. Wislicenus to be a valuable reducing agent, more active 
in some cases than the zinc-copper couple— e.g. in reducing nitrates and nitrites to 
ammonia. According to F. Mylius and F. Rose, if aluminium be immersed in water 
exposed to air, some hydrogen peroxide is formed. H. T. Barnes and G. W. Shearer 
inferred from the behaviour of aluminium electrodes that a film is formed over the 
surface of aluminium exposed to air or to water, and that the reaction in the case of 
water develops hydrogen peroxide. The development of hydrogen peroxide is 
dependent on the presence of dissolved oxygen ; if air be absent, no hydrogen 
peroxide is formed. 0. Ohmann 4 found that an intimate mixture of a gram of 
aluminium powder with 4‘3 grins, of sodium peroxide is readily inflamed with a 
slight explosion by the addition of a few drops of water. 

E. Heyn and 0. Bauer found that aluminium undergoes two types of corrosion ; 
it may corrode uniformly, forming a coating of oxide over the whole surface, or it 
may be attacked locally, forming blisters and exfoliations. The latter is the more 
dangerous in the industrial application of aluminium. They found that local 
pitting occurred with hard or cold- worked aluminium, and that tap-water produces 
a slight uniform corrosion after several months’ exposure with soft or annealed 
sheet ; and local corrosion, blistering, or disintegration with hard sheet. Distilled 
water did not cause blistering even with hard sheet. Local corrosion was attributed 
to (i) the initial stresses in hard sheet causing strains and buckling when released by 
corrosion ; and to (ii) the electropositive character of hard- or cold-worked aluminium 
to the soft or annealed metal. This conclusion was confirmed by G. H. Bailey, 
and L Guillet. K. Heyn and 0. Bauer found the relative rates of corrosion of hard 
and soft sheet aluminium by distilled water exposed freely to air, to be respectively 
45 and 54. The metal is not attacked by air, or water in the absence of air or oxygen ; 
or, as G. H. Bailey expressed it, except in waters containing free acid or alkali, no 
aluminium is dissolved, and the corrosion is purely a question of oxidation of alu- 
minium to alumina at the expense of the oxygen dissolved in the water. The 
greater the degree of purity of the water, the less the action. According to H. S. Raw- 
don and co-workers, failure occurs owing to the attack on the impurities which are 
found along the intercrystalline boundaries, but, on annealing after cold work, 
the impurities no longer coincide with the crystal boundaries, and corrosion is not 
truly intercrystalline in character. E. Heyn and 0. Bauer, and G. H. Bailey found 
that the rate of attack is augmented by a rise of temp. Thus, at 20° and 70°, the 
relative rates of attack are 39 : 110. The silicon content of the aluminium, between 
0*57 and 0*86 per cent., had no appreciable influence on the result ; G. H. Bailey 
also found that when the proportion of silicon is higher than that of iron, the action 
is less pronounced in the case of water and acids, and more pronounced in salt soln. ; 
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ic stated that the attack by aluminium is notably accentuated if the aluminium 
sontains sodium or copper. L. Quillet confirmed the conclusion with respect to 
;opper. A. Barille found that aluminium is slowly attacked by seltzer water, forming 

1 flocculent precipitate of aluminium hydroxide. A. Trillat studied the corrosion 

)f aluminium in the liquids encountered in the brewing, milk, and cheese 
ndustries. • 

According to F. Wohler, and H. St. V. Deville, sola, of sodium or potassium 
hydroxide act vigorously on aluminium, transforming it into alkali aluminate and 
jetting free hydrogen. G. H. Bailey represented the speed of the reaction with two 
different samples of commercial metal aud tap- water, A T -H 2 S0 4 . A T -HC1, and 
H- NaOH in terms of the number of grains per sq. yd. dissolved per day : % 

Tup-water JV-H t S0 4 JV-HCI .V-NaOH 

0-80 100 35*5 708 

0-85 7’7 29*8 898 

J. W. Mallet found that the purified metal resists attack better than the commercial 
metal. J. W. Richards found the best commercial metal reacted with a cold dil. 
aoln. of potassium hydroxide with one-seventh the rate of aluminium alloyed with 
3 per cent, of copper, and with one-seventieth the rate of aluminium alloyed with 

2 per cent, of copper and one per cent, of zinc. A. Stutzer found electrolytic 
aluminium is attacked more slowly than the metal made by the sodium process, and 
he attributed this to the presence of sodium in the latter, but J. W. Richards suggests 
that the truer explanation rests on the higher degree of purity of the electrolytic 
metal. A. Cavazzi said that the reaction is represented by 2Al-j-6MOH 
~2A1(0M) 3 4 3H 2 ; the speed of the reaction increases with the temp, and cone, of 
the soln., but J. Bogussky and J. Zaljesky found that the speed of soln, is not pro- 
portional to the cone, of the alkali. A. J . Hale and H. »S. Foster studied the attacx by 
hydroxide soln. A. Rolirig found the presence of sodium silicate inhibits the attack 
by the alkali-lye — vide infra, S. Kappel found that aluminium in contact with air 
and a soln of potassium hydroxide readily produces the nitrite, and in the cold, nitrates 
and hydrogen peroxide are formed. A boiling soln. of potassium or sodium ethoxide 
attacks aluminium only with the oxidation of the alcohol to form water. J. Czp- 
chralsky showed that the blackening of aluminium vessels with UBe is not directly 
dependent on the proportion of iron present as an impurity, but is rather dependent 
on the alkalinity of the water which comes in contact with the metal. A soln.* of 
calcium hydroxide, or lime-water, also acts rapidly on aluminium, but the resulting 
calcium aluminate is insoluble in water, and is precipitated on the metal protecting 
if from further action. E. Beckmann found that a soln. of barium hydroxide rapidly 
dissolves aluminium until the soln. contains the molar proportion A1 2 0 3 : BaO ; the 
reaction is then slower and aluminium hydroxide begins to separate out ; with hot 
soln. barium aluminate is formed. 

C. H. Crowe, and K. L. Meissner have studied the action of alkali chloride soln. on 
aluminium. A soln. of sodium chloride acts feebly on aluminium. This subject 
has been investigated by A. E. Hunt, J. W. Richards, G. H. Bailey, C. Tissier, 
A. Ditte, E. Donath, F. Zmerzlikar, E. Heyn and 0. Bauer, and A. J. Hale and 
H. S. Foster. W. Smith found that hot cone. soln. of sodium chloride attack the 
metal with the evolution of hydrogen, and the soln. become alkaline ; it is assumed 
that in the presence of sodium chloride, the aluminium attacks the water setting 
free hydrogen, aud the aluminium hydroxide so formed reacts with the sodium 
chloride, forming a basic aluminium chloride and sodium hydroxide. The action 
of a soln. of sodium chloride in the presence of an acid was found by A. E. Hunt, 
W. Smith, and A. Ditte to be greater than when either is alone. A. Ditte said that 
the attack by alkali halides is prevented by the formation of a protective film of 
aluminium hydroxide, and that the presence of the dil. acid dissolves the hydroxide, 
and enables the saline soln. to continue its action. The action is also faster near the 
surface because atm. oxygen plays a role in the reaction. He also showed that the 
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carbon dioxide plays a part analogous to that of acetic acid, and that the resultin 
sodium carbonate readily reacts with aluminium as indicated below. A. Ditto als< 
found that soln. of potassium chloride, sodium and potassium bromides, and potas- 
slum iodide act like soln. of sodium chloride. He represented the reaction bj 
the equations : 6NaCl-f 2Al-ff>H20=2AlCl3-J-6NaOH4-3H2-i-157*3 Cals. ; an( 
3NaOH-f AlCl 3 ^3NaCl+Al(OH)3+28-7 Cals. The corrosive action of sea-watei 
was studied by A. E. Hunt, H. C. H. Carpenter and C. A. Edwards, etc. A. Ditto 
said that the action of sea-water is analogous to that of sodium chloride or 
aluminium ; and that calcium chloride and magnesium chloride soln. act similarly ; 
A. J. Hale and H. 8. Foster, and C. H. Crowe examined the action of soln. ol 
these salts. 

According to C. Formenti and M. Levy, aluminium reacts with soln. of many sul- 
phates, forming alums. According to W. Smith, when aluminium powder is heated 
to I (XT in u platinum vessel with a soln. of sodium nitrate or potassium nitrate, there 
is a faint evolution of hydrogen, whereas in a soft glass vessel, there is a vigorous 
action, and an evolution of much gas. This is due to the presence of alkali developed 
by the action of the water on the glass. W. Smith assumes that the reaction is : 
6A1 I-H1L0 |-2NaN0 3 -6Al(OH) s f2NaOH+2NH 3 -}-H 2 . The alkali derived from 
the glass and from the sodium nitrate continually increases so that there is an ever- 
increasing reducing action and finally there is a tempestuous evolution of hydrogen 
and ammonia. E. Donath, and F. Zmerzlikar studied the attack of aluminium by 
soln. of nitrates. W. R. E. Hodgkinson and A. H. Coote found that aluminium has 
no action on a soln. of ammonium nitrate. The action of ammonium salt soln. in 
producing brown films on aluminium was the subject of a patent by C. Gottig. A 
boiling soln. of ammonium phosphate, made faintly alkalino with ammonia, was 
found by W. Smith to be attacked with the formation of a white phosphate, and 
he assumes that the boiling soln. is decomposed into ammonia and phosphoric acid, 
and that the former, in statu nascendi , decomposes the water, forming aluminium 
hydroxide and hydrogen ; the hydroxide and phosphoric acid produce aluminium 
phosphate. A hot soln. of ammonium arsenate acts on aluminium, forming a 
mixture of hydrogen, arsine, etc. 

t A. Cavazzi, and W. Smith found that when aluminium powder is boiled with a 
iV-soln. of sodium carbonate, there is so copious an evolution of hydrogen and carbon 
dioxide that the soln. froths vigorously. The reaction is also vigorous with foil 
anfl sheet aluminium. It is assumed that the aluminium first reacts with the water, 
forming hydrogen and aluminium hydroxide, and the latter reacts with the sodium 
carbonate forming, sodium aluminate : 2A1+ 3H 2 0+Na 2 C03=2NaA102'f3H 2 +C0 5 j. 
Since a boiling soln. of sodium carbonate does not react with aluminium hydroxide, 
\V. Smith makes the supplementary hypothesis that the reaction can occur in the 
presence of nascent hydroxide. A. Ditte said that the reaction between sodium 
carbonate and aluminium furnishes sodium aluminate and hydrocarbonate, and it 
ceases wheu all the carbonate is transformed into hydrocarbonate. A. J. Hale and 
H, S. Foster examined the action of sodium carbonate soln. R. Seligman and 
P. Williams showed that sodium silicate forms a coating of aluminium silicate 
on the metal, and prevents the attack by sodium carbonate used for cleaning 
aluminium. 

C. Weltzien 5 found that aluminium is attacked by hydrogen peroxide, and 
0. Droste noted that an aluminium beaker containing a 3 per cent. soln. of hydrogen 
peroxide was quickly corroded. 99*46 per cent, aluminium with 0*03 per cent, 
of iron and 0*51 per cent, of silicon is rapidly dissolved with the exception of a few 
specks of silicon together with some adherent aluminium. A white precipitate of 
AllOHja.HgO, but no colloidal aluminium hydroxide, is formed. He added that 
aluminium vessels are not suited for liquids which contain or can form oxygen or 
010116 . The slow action of aluminium in decomposing hydrogen peroxide was 
attributed, by H. T. Barnes and G. W, Schearer, to the protective action of the surface 
him of onde. 
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Aluminium is an active element, and under proper conditions reacts with many 
other elements, forming salts, etc. According to H. Moissan, 6 it is superficially 
attacked hy fluorine at ordinary temp., and the thin layer of aluminium fluoride 
protects the metal from further attack ; but at a red heat, the action is very energetic. 
C. Matignon said that aluminium burns vigorously in the halogens, the hydrogen 
halides, and the non-metallic halides. F. Wohler noted the combustion of the metal 
in chlorine, but H. Gautier and G. Charpy found that liquid chlorine at its b.p. has no 
action, but at —20°, combination occurs with incandescence. G. H. Bailey said 
that the corrosive action of chlorine at ordinary temp, is negligibly small . According 
to E. R. Hodges, bromine vapour reacts with warm aluminium foil with brilliant 
incandescence. H. Gautier and G. Charpy found that with liquid bromine there is 
an energetic reaction at 15°, and a fragment of aluminium on liquid bromine becomes 
incandescent and runs about the surface of tho liquid like potassium docs on water. 
With bromine- water, there is a regular evolution of hydrogen, and after a time, 
some oxybromide separates. C. Friedel and L. Roux said that aluminium sub- 
bromide is formed if the aluminium be in excess. J. Nicklks found that bromine 
or iodine in dried ether reacts vigorously with aluminium, forming either the bromide 
or the iodide. 

Gaseous hydrogen chloride readily attacks aluminium even at a low temp., but, 
according to J. B. Cohen, there is no action if the gas be thoroughly dried ; nor, 
according to L. Kahlenberg and H. Schlundt, does a soln. of that gas in dried liquid 
hydrogen cyanide attack the metal. F. Stockhausen and L. Gattermann, and 
E. Kohn-Abrest found that powdered aluminium is not acted on by 2 hrs.’ exposure 
to cold dry hydrogen chloride, but is rapidly attacked if previously heated in hydro- 
gen to 300° ; once the reaction has commenced, it continues without the application 
of more external heat— ride the preparation of aluminium chloride. Both F. Wohler, 
and H. St. C. Deville noted the rapid dissolution of aluminium in hydrochloric acid. 
This acid is le veritable dissolvant of aluminium. The action is quicker with cone, than 
with dil. acid, and quicker hot than cold. A. J. Hale and H. S. Foster studied the 
action of hydrochloric acid ; and F. and W. Mylius, the thermal changes in the attack 
of the metal by this acid. A. Sieverts and P. Lueg found that if the initial cone, 
of the acid be C milliequivalents per 20 c.c. ; xc.c. the amount of hydrogen evolved 
at tho time t ; v m c.c. denotes the vol. of a millimol of hydrogen under standard 
conditions ; and B the vol. of hydrogen under standard conditions eq. to the initial 
quantity of metal, then, the velocity of the reaction dxjdt ~-l\(C-~2x/u m )(B-~x)l. At 
20°, they found the velocity constant, K, to be 

Cone, of acid. . . 0-52V (H7tf N 1*33.Y Hi7iV 2 N 

K . . . 0-40 1 04 4-2 0-8 HH 22 7 

and that K is very nearly proportional to the 3rd power of the cone, of the acid. 
At 20° with W-acid, K— 4*2, and at 30°, A'— 5 65. According to J. W. Mallet, the 
purified metal is not so readily attacked by solvents generally as is the impure metal. 
It is assumed that the galvanic action of local couples keeps the surface of the impure 
metal free from a protecting layer of gas. J. W. Richards said that the presence of 
silicon renders the metal particularly susceptible to rapid attack, and during tho 
reaction some silicon escapes as hydride. This can be prevented by keeping an 
oxidizing agent like bromine in the acid. If the best commercial aluminium, and an 
alloy with 3 per cent, of nickel, be treated with 3 per cent, hydrochloric acid, the 
less pure metal dissolves 30 times as fast as the other. If a little hydrochloric acid 
be added to other acids, the metal is dissolved presumably as aluminium chloride, 
and the latter then reacts, forming a salt of the acid and reproducing hydrochloric 
acid. The catalytic action is thus cyclic. The accelerating influence of reducing 
agents— nitrobenzene, etc.— -on the dissolution of metals in acids was discussed by 
H. J. Prins. A. Sieverts and P. LAeg found that there is a marked period of 
induction in the action of hydrochloric acid, and that the speed of dissolution is 
greatly inhibited by a number of alkaloids. 
vol. v. 
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With JV-acid, and 2o milhnwl of the following alkaloids per litre, the value of K was 4-30 
with caffeine • A cocaine; 41, cinchonine; 2 44, morphine; 2-40, coniine; 213, quinine ; 

narcoluio; J-83, lirucmo ; 1*8U, codeine ; 1-17, nicotine ; H)8, voratrme ; and 1-03, 
/3-naplitiiuqiunohne. 


The effect is due to I lie adsorption of the “poison*’ by the metal which renders 
the surface inactive. Hydrobromic and hydriodic acids react similarly to hydro- 
chloric acid. H. Soligman and I\ Williams found that JW-hydrobromic acid attacks 
aluminium with hut half the velocity of iiV-hydrochloric acid. G. H. Bailey made 
some observations on this subject. With hydrofluoric acid, the aluminium fluoride 
which is produced has a low solubility, so that a protective coating of the fluoride 
may remain on the metal when the cone, of the acid is great enough. 

A. 1). White found that hypochlorous acid attacks aluminium slowly, hydrogen 
is evolved and aluminium hydroxide is deposited, some chlorine is then formed ; if an 
excess of aluminium be used, and tin* evolution of gas has ceased, the filtered soln. 
deposits aluminium hydroxide when carbon dioxide is passed therein. It is assumed 
that the soln. contains aluminium hypochlorite, and that the first product of attack 
by the acid is this salt and hydrogen ; the aluminium is also slowly oxidized and 
hydrochloric acid is formed. The interaction of hypochlorous and hydrochloric acids, 
gives chlorine ; some oxygen appears in the gas evolved, and is due to the spontaneous 
decomposition of the hypochlorite. Aluminium is slowly attacked by a soln. of 
calcium hypochlorite (bleaching powder) and calcium aluminate is said to be a pro- 
duct of the action. I). Tommasi stated that only a trace of chloride was formed 
after aluminium had been in contact with chloric acid for six hours. W. S. Hendrix- 
son found that aluminium slowly dissolves in cold dil. chloric acid, and whatever 
the cone., hydrogen is given off, and, as in the case of zinc, some acid is reduced, and 
some chloride is formed. The ratio of chlorate to chloride formed with A’-acid 
is 1 ; 7, and with 2 A’-acid 1 : 5. The metal also becomes coated with aluminium 
oxide. I). Venditori found finely divided aluminium reduces chloric acid to hydro- 
chloric acid in the presence of acids ; perchloric acid is not affected. Acidified soln. 
of chlorates and perchlorates behave ill an analogous manner. G. Gore found that 
with an aluminium-platinum couple in a soln. of iodic acid, tin* aluminium is strongly 
attacked. 

A. Orlowsky 7 could detect no signs of a reaction in the cold between aluminium 
and sulphur or a soln. of sulphur in caibon disulphide. W. Spring said that 
under a press, of 0500 atm. the reaction between sulphur and aluminium is incomplete, 
although a polysulphide is formed. According to II. St. G. Deville, aluminium at a 
red heat does not react with sulphur vapour, but, at a k> high temp, it combines 
directly with sulphur to give aluminium sulphide.” According to II. Fonzes-l)iai;on, 
and (.’. Matignon, a mixture of eq. proportions of precipitated sulphur and finely 
powdered aluminium can be ignited by burning magnesium, and aluminium sulphide 
is formed. A mixture of selenium and aluminium behaves m a similar manner. 

F. Wohler also obtained compounds of aluminium with selenium and tellurium. 

G. H. Bailey said that the corrosive action of hydrogen sulphide at ordinary temp, 
is negligibly small. According to H. St. C. Deville, hydrogen sulphide has no action 
on aluminium, and the same remark applies to an aq. soln. of hydrogen sulphide, or 
of ammonium sulphide. J. Margottet also said that hydrogen sulphide is without 
action on aluminium, but J. W. Richards noted that hydrogen sulphide is absorbed 
by the molten metal, and the metal then flows sluggishly ; just before setting the gas 
is rejected “ so actively that a crackling sound can be heard several feet away . . . 
at the same time, the sluggish metal becomes quite fluid.” The gas entangled in 
the solidifying metal also produces cavities or blowholes. C. Matignon found 
that aluminium can be burnt in the vapour of carbon disulphide, forming carbon and 
aluminium sulphide but not carbide ; he also burnt aluminium powder in sulphur 
dioxide producing the oxide and sulphide ; G.* H. Bailey found the corrosive action 
of sulphur dioxide at ordinary temp, is negligibly small. A. Cavazzi found that 
when a mixture of ajumiuium filings and sugar charcoal is heated in the vapour 
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of carbon disulphide, a little aluminium sulphide is formed. Aluminium reacts 
with sulphurous acid, forming, according to 1\ Schweitzer, a mixture of aluminium 
sulphite, sulphate, trithionate, and thiosulphate. 1\ Degener said that sulphurous 
acid attacks the metal only in the presence of alkali chlorides. (’. Matignon burnt 
aluminium in the vapour of sulphur chloride. 

According to F. Wohler, cold cone, sulphuric acid'does not attack aluminium, 
but tin 1 hot acid dissolves it rapidly with the evolution of sulphur dioxide. 
II. St. U. Deville showed that sulphuric acid diluted in the proportion most 
suitable for attacking zinc has no action on aluminium, and the action is not assisted 
by contact with a foreign metal. He found that after several months' contact with 
dd. sulphuric acid, a slight action could be detected. 11. K. Iloseue said cone, and 
dd. sulphuric acids have no action on aluminium. As a matter of fact, dil. ami ( one. 
sulphuric acids act very slowly on aluminium in the cold and more rapidly when hot. 
A. .). Hale and 11. S. Foster studied the action of sulphuric acid on aluminium. 
According to It. Seligman, anhydrous sulphuric acid is without action on aluminium, 
whereas ordinary oil of vitriol is markedly corrosive. 1\ Pascal and co-workers 
found that aluminium is not seriously attacked by sulphuric, acid over ‘,>8 per 
cent. P. B. Ganguly and B. ('. Banerji found the action is most vigorous near the 
surface of the acid when an aluminium rod is partly immersed in the, dil. acid. 
G. A. le Kov reduced the loss m weight suffered by plates of metal in sulphuric acid, 
to loss in grams per s<j. metre in 12 hrs., and he found with purilied ami commercial 
aluminium at 15 - 20 : 

Sj* gr. of a. id 1 SI2 1711 1 ;»So l 

. \ pum Al is to 2t :»o in on t tin 

i<)hS feoium Al . . 21 00 2.VH0 

ami at 150 , with acid of sp. gr. 1 812. the losses were respectively 210 and 207. 
lienee, it is impracticable to use aluminium for pans, pumps, tank linings, etc., used 
in handling sulphuric acid. It will be observed t hat the attack on purified aluminium 
is slower than on the impure metal. A. Ditte found that cold 2’5 percent, sulphuric 
acid at first acts very slowly, but after several hours, the air condensed on the surface 
of the metal is removed, and tin* metal slowly dissolves with the evolution of hydrogen. 
The hydrogen collects on the surface of the metal protecting it lioin further attack. 
•J. M. Weeren gave a similar explanation with respect to zinc Any agent which 
breaks up or removes this gaseous film, hastens the attack by the acid. >Sbln. 
of many metal chlorides reduced by aluminium behave in this way ; for instance, the 
addition of a few drops of platinum chloride to the acid leads to the deposition of 
platinum on the aluminium, the surface is roughened, the gas escapes (pucker, and 
the solvent action is more rapid. Gold, mercury, and copper chlorides act similarly ; 
zinc and iron chlorides have no such stimulating action. The rate of attack by the 
cold acid gradually slows down because of the deposition of an undissolved basic 
sulphate, 8Al.>S0 4 .Al 2 (S04)3.18Ho0, on the metal protecting it from the and. Even 
very dil. sulphuric attacks aluminium if the metal is prevented from being covered 
with the film of gas —c.tj. by boiling. It is probable that tin* metals deposited on 
the aluminium, as also the impurities in the aluminium, act as electronegative ele- 
ments to the electropositive aluminium; local couples are formed, and the gas is 
disengaged from the electronegative element, not the aluminium. A. Ditto, and 
F. Winteler mention the separation of sulphur during the action of cone, sulphuric 
acid on aluminium, but W. Smith detected no such formation of sulphur. According 
to M. G. Levi and co-workers, aluminium rapidly dissolves in a<p soln. of potassium 
persulphate without the development of gas ; with ammonium persulphate the 
dissolution is slower. G. A. Maack produced selenium and tellurium respectively 
from aq. soln. of selenous and tellurous adds by aluminium. 

Melted aluminium was shown by F. Briegleb and A. Geuther 8 to absorb nitrogen, 
and J. W. Mallet prepared a nitride ( <j.v .) ; some nitride is formed when jduminium 
is burnt in air. Gaseous ammonia docs not act on the m<;tal at ordinary temp., 
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but at 700°, A. H. White and L. Kirschbraun found that the nitride is formed. 
G. G. Henderson and J. C. Oalletly heated aluminium in a stream of ammonia and 
obtained only a small proportion of nitride. F. Wohler found that aqua ammonia 
acts slowly on t ho metal, producing a little alumina, part of which dissolves. 
A. J. Halo and H. H. Foster studied the action of aq. ammonia on aluminium. 
W. Smith found that a liot/conc. soln. of ammonia generates hydrogen and forms 
aluminium hydroxide. A. Ditto said that the action with aq. ammonia continues 
ho long hh the aluminate dissolves in the excess of alkali, and stops as soon as a film 
of aluminate forms on the metal. >S. Kappel said that aq. ammonia in contact 
with air and aluminium forms nitrites. C. Gottig, and A. Ditte mention that a 
yellow to brown layer of the unattackcd impurities remains on the surface after 
treatment with ammonia. According to T. Curtius and J. Rissom, hydfEZOiC &cid, 
HN a , attacks aluminium a little, forming aluminium hydroxide, not the azide. 
According to C. Matignon, aluminium powder can burn in nitrous oxide, nitric oxide, 
and nitrogen peroxide, forming alumina and the nitride. P. Sabatier said that 
aluminium tilings are not attacked when heated in nitric oxide, and that nitrogen 
peroxide is without action at 500°. E. Muller and H. Barck found the action of 
nitric oxide was only slight below 000° ; at (KX) 0 , 8 per cent, was decomposed. 

J. ,1. Sudborough found nitrosyl chloride attacks aluminium in the cold. 

F. W. Bergstrom found that sodium amide, or a soln. of sodium in liquid 
ammonia, reacts with amalgamated aluminium, forming sodium amidoalumimte , 
Na| AlfNH.^]; potassium amide acts similarly, forming potassium amidoaluminate , 
KlAUNlty]. 

According to H. St. G. Devillc, and F. Wohler, dil. or eonc. nitric acid has no action 
on aluminium at ordinary temp., and the former said that good results were obtained 
by substituting aluminium for platinum in Grove's battery. W. Smith noted that 
with hot nitric acid, at the b p., nitrous fumes are evolved, but the action ceases 
when cooled below 50°. According to A. Ditto, the action of nitric acid resembles 
that of sulphuric acid in that cold 3 per cent, acid acts very slowly, but cold 6 per cent, 
acid acts more quickly. When the plate of metal has become rough or matte by 
the action, the gas escapes more freely from the surface, and the action is faster. 
The gas contains no hydrogen, and is mainly nitrogen and nitric oxide ; a little 
ammonium nitrate is formed. The reaction does not stop with the formation of the 
neutral nitrate, for a white sparingly soluble basic salt, r>Al 2 03.2Al(N0 3 )3.30II 2 0, is 
deposited. According to T. B. St illmann, nitric acid of sp. gr. 1 15 attacks aluminium 
turnings more readily than an acid of sp. gr. H5 ; and with an acid of sp. gr. 1*35, 
the salt AI(N0 3 ) 3 .ylL0 is deposited. C. M. van Deventer found that 20-25 per 
cent, nitric acid attacks aluminium slowly at 25°- 30° ; the main reaction is A1 
4~4HN0 3 Al(NO a ) a f NO hSHjjO, a little nitrogen and some ammonia are also 
formed, A. Ditte found that with 3 per cent, nitric acid mixed with a little platinum 
chloride, very little gas is produced, but much ammonium nitrate is formed ; and 
E. Divers and T. Haga found that hydroxylamine is produced when nitric acid, 
mixed with a little hydrochloric acid, acts on aluminium, and that the reaction is 
independent of the aluminium chloride in the soln. The action of nitric acid on 
aluminium has also been studied by R. Woy, J. W. Richards, H. E. Roscoe, 

A. Quartaroli, A. J. Hale and H. S. Foster, G. Lunge and E. Schmid, and 
G. A. le Roy, In general, cold dil. and cone, nitric acid attacks platinum very slowly, 
for the metal become* passive under the action of this acid. The cone, acid attacks 
aluminium violently at 100°, P. Pascal and co-workers found that the presence of 
sulphuric acid facilitates the action of nitric acid on aluminium, and the presence of 
ammonium nitrate also favours the attack ; but nitric acid alone at any cone, does 
not seriously attack the metal. J. W. Mallet found that purified aluminium is 
not so readily attacked as the impure metal. 

R. Seligman and P. Williams have overhauled the various statements regarding 
the effect <of nitric acid and found that the most important condition affecting the 
rate of dissolution of aluminium in nitric acid is temp., Fig. 29. Over a considerable 



ALUMINIUM 


213 


i 

range of temp, an increase of 10 ° C. is sufficient to increase the rate of dissolution by 
100 per cent. Tlie practical importance of this factor, to which no reference has 
heretofore been made, is very great. The life of aluminium vessels used for the 
storage or transport of nitric acid can be greatly increased where if is possible to 
keep the temp. down. Next to temp., cone, plays 
the most prominent part in determining the rate 
of dissolution of aluminium in nitric acid, Fig. 29. 

The most active solvents are mixtures containing 
between 20 per cent, and 40 per cent, by volume 
of nitric acid of 1*42 sp. gr., whilst on the other 
hand some acids made from atmospheric nitrogen, 
and containing 94*7 per cent, of true nitric acid, 
were found to be almost without effect on alu- 
minium. A sample of the metal suspended in 
this acid for 71 days lost only 0 0004 grin., eq. to 
a rate of dissolution of 0*015 mgrm. of aluminium 
per 100 sq. cm. per 24 hours. The extreme 
inactivity of acid of this strength is held to 
account for the great success which has attended 
the use of aluminium transport vessels bv the 
Norwegian makers of nitric acid. Contrary to the 
statement made by A. Trillat, the presence of up to 
0*05 per cent, chlorine in nitric acid was not found 
to affect the rate of attack of the latter upon aluminium. Similarly, no acceleration 
could be noted on the addition of up to 0 01 per cent . of iodine. On the other hand, 
the presence of traces of sulphuric acid was found to promote the rate of attack, 
0*04 per cent, of sulphuric acid being sufficient to raise 1 lie rate of dissolution from 
.‘16 to 62 mgrms. per 100 sq. cms. per 24 hrs. The rate of attack is increased by the 
presence of the lower oxides of nitrogen. If the acid be kept free from such lower 
oxides the rate of attack on aluminium can be reduced considerably. The effect 
of the oxides of nitrogen produced by the interaction of nitric acid and aluminium 
in stimulating the attack is held to account for the fact often observed in practice 
that dissolution is most rapid in crevices or corners where the acid cannot circulate 
freely and where such products therefore accumulate. The effect of the physical 
state of the aluminium is considerable, the metal being attacked very much nfore 
readily when amorphous than when crystalline. The observation has been made 
that a partial change to the more resistant form is brought about by exposure for a 
few hours to a temp, of 125°, but that by a longer exposure to this temp, the metal 
loses its comparative immunity from attack. A similar change to the more resistant 
form has been observed to commence at a temp, as low as UK) 0 . Moreover, it has 
also been noticed that metal which has been freshly annealed at 540° is more resistant 
to attack than metal which has been allowed to stand for about ten days after anneal- 
ing. The composition of the metal is of very much smaller importance than has 
heretofore been assumed to be the case. Nevertheless, the purer metal is generally 
the most resistant to the attack of nitric acid. The statement by O. Guttmann that 
a mixture of nitric and sulphuric acids attacks aluminium less readily than the 
acids alone* is erroneous. The attack by nitric acid on aluminium of high quality 
is quite uniform and no instance of local action or pitting was observed. 

H. Fonzes-Diacon, and C. Matignon prepared aluminium phosphide by igniting 
with a piece of magnesium wire a mixture of red phosphorus and aluminium ; 
L. Losana studied the action of less than 0*1 per cent, of phosphorus on the properties 
of alu mini um, H. Fonzes-Diacon and C. Matignon showed that a heated mixture 
of arsenic and aluminium gave the arsenide ; and the antimonide was obtained 
from a mixture of aluminium, antimony, and sodium peroxide. Q. A. Mansuri 
found that with arsenic a compound AI 3 A 82 , aluminium dM, arsenide, is formed. 
B. Reinitzer and H. Goldschmidt found phospijoryl chloride acts on aluminium 
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similarly to what it does on magnesium and zinc, forming phosphorus trichloride, 
aluminium metaphosphate ami chloride, phosphoric anhydride, pyrophosphory] 
chloride, and a little phosphorus suboxide ; H. Goldschmidt represented the 
action of phosphorus pentachloride on aluminium, 2Al+3PCl 5 ™2A101 3 -f-3PCl 3 . 
(!, Matignon found that aluminium powder burns in the vapours of phosphorus , 
antimony and arsenic chlorides. According to G. A. Maack , an aq. soln. of arsenious 
oxide is not changed by aluminium; an acid soln, gives arsenic and arsine; and 
an alkaline soln., arsenic -for ammonium arsenate, vide, supra. According to 
0. Hull and K. Staib, with arsenic trichloride, the reaction is symbolized : 3AsC1 3 
-) 3A1 =■- -2AICVJ AlAsjG'lg, Antimony is immediately precipitated from a soln. 
of an alkali antimonite ; with a hydrochloric acid soln. of antimony trichloride, 
stibine is evolved ; and an aq. soln. of potassium antimony tartrate is not decom- 
posed. J)il. or cone, phosphoric acid attacks aluminium with the development of 
hydrogen- F. Winteler said with the Reparation of phosphorus, but W. Smith denied 
this. 

For the action of aluminium on boron, vide aluminium boride. II, Moissan 9 
found that aluminium reacts with boron sulphide at a rod heat forming aluminium 
sulphide and boride. A. Lubbert and M. Roseher found that aluminium foil OOOl 
in. thick is dissolved in \ days by a 1 per cent. soln. of boric acid ; and 0. Lunge and 
K Schmid found that a similar soln. dissolved 29 T> mgrms. of sheet aluminium per sip 
metre per day at ordinary temp. (’. and A. Tissier, H St. 0. Deville, and G. H. Bailey 
found tlie corrosive action of soln. of boric acid is negligibly small. F. Wohler found 
that melted borates are minced to boron by aluminium at a high temp. H. St. (\ 
Deville showed that if aluminium be melted under borax, some aluminium borate is 
formed lienee borate slags rapidly corrode the metal. H. St. (!. Deville, and J. W. 
Mallet noted that aluminium unites with carbon ; and 11. Moissan obtained a carbide 
by heating aluminium puwdi r with lampblack. .J. W. Mallet, and L. Franck found 
that carbon monoxide is reduced by heated aluminium, forming alumina and carbon 

- A. Gnntz and A. Masson said aluminium carbide is formed at the same time: 
BA 1 | 3GO AljC.jl ALO ; j. (1. II. Bailey said the corrosive action of carbon monoxide 
or dioxide at ordinary temp, is negligibly small. At ordinary temp., N. Wender 
also found dry carbon dioxide to be without action on aluminium, and with the moist 
gas the action is <jmiz mbnleutnid. L. Franck represented the reaction with drv 
carbon dioxide, 1A1 j-dCtL 2AU>., j ,'J(\ K. Brunner found that aluminium powder 
bufns vigorously when heated in an atm. of carbon dioxide, and graphitic carbon is 
formed. According to A. Gnntz and A. Masson, the action is greatly accelerated if 
a Ji+tle iodine or aluminium chloride or iodide vapour be mixed with the carbon 
monoxide or dioxide. According to A. Brochet and J. Petit, aluminium is rapidly 
attacked by soln. of potassium cyanide even in the cold. For the action of carbonyl 
chloride vide aluminium chloride. L. Ilugounenq found that 92 per cent, alcohol 
attacks aluminium even less than does water; the attack is accelerated in contact 
with other metals very little l»v cadmium: more by chromium or cobalt; still 
more by platinum, tin, gold, silver, brass, and mercury; and quickest of all by 
copper, lend, bismuth, iron, zinc, and nickel. According to R, Seligman and 
1*. Williums, dry fatty acids- *\<j. a mixture of stearic, palmitic, and oleic acids 

— dry alcohols i .//. mcthvl, ethvl, butyl, amyl, and benzyl alcohols — and dry 
phenol, cresoJ, ami a- and ^-naphthols rapidly attack aluminium at the b.p. ot 
the organic compound, but if a small amount of water be present, the reaction is 
inhibited, or if it has already commenced, it is at once inhibited. It is assumed that 
the motal is normally protected by the film which covers it, but this film breaks down 
when exposed to the attack of the dehydrated substances considered. The presence 
of even the minutest traces of water is sufficient to inhibit the attack, owing either 
to the fact that the salts, peroxides, or alkvloxides, as the case may be, are 
immediately decomposed by water, aluminium hydroxide being formed, or because 
the aluminium exposed by the breakdown of the film is immediately reoxidized by 
water. Gf. Lunge aud^E. Schmid investigated the effect of various alcoholic liquids 



ALUMINIUM 


215 


on aluminium-- with 50 per cent, alcohol, the rate of dissolution is 10 2 milligrams 
per sq. metre per day. (A Matignon also burnt aluminium powder in carbon 
monoxide and dioxide ; he also found that aluminium burns in the vapour of formic 
acid, 3HC00114-4AI 2ALO| | 3IL }-3(\ R. &‘ligman and 1*. Williams found 
that a 77 per cent. aq. soln. rapidly attacks aluminium, and a crystalline formate 
is produced. A. Lubbert and M. Reseller found that aluminium foil 0*001 in. 
thick was completely dissolved by four days' immersion m 1, 5, ami 10 per cent, 
soln. of formic and acetic acids ; but results with foil do not represent the corrosion 
of heavier sheet metal, and CL Lunge and E. Schmid found that 1 and 5 per cent, 
soln. of acetic acid dissolved respectively 73 0 and 6P2 mgrms. of aluminium per sq. 
metre per day at ordinary temp. According to (A Matignon, aluminium does not 
burn in the vapour of acetic acid. 11. St. (A Deville said that the action of acetic 
acid, diluted to the cone of the strongest vinegar, on aluminium is inappreciable or is 
extremely slow. A. Ditto assumed that if the protective film of hydrogen he removed 
hv mechanical means, or if the action takes place in vacuo, aluminium is readily 
dissolved by acetic acid. K. lleeren found that acetic acid dissolves aluminium in 
the cold, more rapidly when boated, and hydiogen is evolved. \\ . Smith found that 
the solvent action is small, and, as II. St. (\ Deville also showed, the action is much 
hastened if a little sodium chloride lx* present. According to R. Seligman and 
P. Williams, the rates of soln. of acetic acid of different cone, expressed in mgrms. 
of aluminium dissolved per OKI sq mis. in 21 hrs. at boiling temp . are : 

IVr cent, and . . <*!*!> 1*0 SO (.0 to 20 A 1 O' 2 

Halo soln . 7 l Go 20.) 410 AM AS 2 (ilO 1200 770 

The attack by cold acetic acid is small, and tin* rate of dissolution increases with 
increasing dilution until the acid has a cone, of one per cent. ; they found that with 
cold acid (20 ) : 

IVr c*oiit. ai-id . . 1*!*'2 OS OO 70 2A 10 2'A 1 O A 

Unto soln 0 00 0 01 0*20 OHO 0 OA 0 00 (ISA 1100 It 

and with the cold acid of still lower cone., the rate of soln. rose to a maximum 3 20 
with 0 02 per cent, acid ; and fell to I 00 with 0 001 per cent. acid. The immunity 
of aluminium to ordinary cone, acetic acid is explained by the formation of a 
continuous film of an insoluble gelatinous basic acetate or oxide on the surface of 1 lie 
metal. The attack with the boiling acid is uniform ; local action has been ob.se/ved 
with the cold acid, and is produced by oxygen. With cold acid, too, the presence of 
oxygen promotes the reaction, for the speed is reduced to less than half if the 
oxygen atm. be replaced by one of hydrogen : with acetic acid of higher cone., the 
presence of oxygen was found to exert a retarding influence on the rate of dis- 
solution. At the boiling temp., the oxygen is rapidly removed in the course of 
ebullition. While the rate of action with the 99 per rent, acid is but one-tenth 
that of the 90 per cent, acid, extraordinary to relate, the removal of the last trace 
of water from acetic acid raises the speed a hundred-fold ; and conversely, the 
addition of 005 per cent, of water to a corrosive acid stops the action. 

A. Ditte, and P. Degener found that acetic acid first forms a layer of hydrogen on 
the metal, and later on, a layer of hydroxide is formed. This is dissolved if an 
alkali or alkaline earth halide be present, and lienee those salts hasten the attack, 
K. It. Hodges made some observations on the solubility of acetic acid, and showed 
that in the presence of hydrogen peroxide the activity of the acid is greatly augmented. 
He added that air or oxygen is necessary for the reaction, showing that the oxida- 
tion of the metal must precede, the production of the acetate. M. Balland found , 
that the action of vinegar is so slight as not to prevent the use of aluminium 
for cooking vessels. R. Seligman and P. Williams also found that with dil. acetic 
acid of about 10 per cent, cone., the addition of up to 1 per cent, of sodium chloride, 
potassium bromide, potassium iodide, or potassium nitrate has practically no effect 
in the case of boiling acid, whereas an eq. amount of sodium sulphate raises the rate 
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of dissolution appreciably, In cold 10 per cent acetic acid, however, 1 per cenf. 
of sodium chloride is sufficient to raise the rate of dissolution tenfold, whereas 
potassium bromide effects a much smaller increase in the rate of attack, and potassium 
iodide and potassium nitrate none at all. 05 per cent, of sulphuric acid in the form 
of sodium sulphate raises the rate of dissolution fourfold in the case of dil. acid at 
normal temp. With acids of about 80 per cent. cone, in thecold, 1 percent, of sodium 
chloride was found to raise the rate of dissolution from 3‘6 to 270 mgrms. of aluminium 
dissolved per hundred s q. cms. per 24 hours. The same amounts of potassium 
bromide and potassium iodide increase the rate of dissolution approximately tenfold, 
but OT) per cent, of sulphuric acid in the form of sodium sulphate cannot be said 
to have any effect on the rate of attack by 80 per cent, acid in the cold, and potassium 
nitrate reduces the rate of dissolution to one-fourth of its previous value. The most 
serious effort of the addition of the substances experimented with was noted in the 
case of 80 per cent, acid at b.p. Here the rate of dissolution is raised by 1 per cent, 
of sodium chloride from 2!)0 to 16,000. By 1 per cent, of potassium bromide the rate 
is only increased from 290 to 485, whilst potassium iodide and potassium nitrate 
may be said to have no effect ; Of) per cent, of sulphuric acid in the form of sodium 
sulphate somewhat increases the rate of dissolution. The effect of the addition of 
chlorides to acetic acid is far greater than that of the addition of bromides or iodides. 
This is due to the greater activity of the liberated acid. Potassium iodide has very 
little effect with hot acetic acid, but with the cold acid, the attack depends on the 
liberation of iodine. If the iodine be removed, the rate of attack falls to that of the 
acid alone ; with the boiling acid the iodine is volatilized. 

U. Solignmn and 1*. Williams found that tho action of cone, propionic acid, and of butyric 
add is entirely analogous to that of acetic acid. T. H. Eastorfield and C. M. Taylor 
found that above 1100°, aluminium is attacked by stearic acid producing the corresponding 
ketone, stoni-one, by the aluminium stearate originally formed. R. Seligman and P. Williams 
found that with a mixture of 55 per cent, palmitic acid, 40 per cent, stearic acid, and 5 per 
cent, oleic acid, no action occurred whon heated for 0 hrs. below 270°, but the metal was 
attacked occasionally at temp, botween 270° and 300°. Abovo 300°, attack invariably took 
place and, once started, continued if the heating were stoppod until the temp, had fallen 
as low as 100°. The form of attack is very similar to that of butyric acid, although far more 
rapid. When the acid was heated in a current of dry hydrogen, it was found that tho attack 
stiyted as low as 200°. 

A. Lubbert and M. Roschor found that 10 per cent. soln. of palmitic acid, or stearic 
acid, or pure oleic acid dissolve aluminium foil 0-001 in. thick in 4 days. They also obtained 
similar results with 1, 5, and 10 per cent. soln. of lactic acid, tartaric acid, citric acid, and 
phenol. E. R. iiodgos said that a cold cone. soln. of tartaric or citric acid does not attack 
aluminium. ( J. Lunge and E. Schmid found a 5 per cent. soln. of lactic acid dissolves from 
sheet aluminium 79*5 mgrms. of aluminium per sq. metro per day at ordinary temp., and 
that with 1 and 5 por cent soln. of tartaric and citric acids, and phenol the amounts dissolved 
are respectively 43 0 and 28 2, 31*7 and 35-8, and 8 2 and 3*8 ; whilo with a 0-25 per cent, 
sola, of salicylic acid, 105-8 is dissolved. A. Ditto made similar observations with respect 
to citric, oxalic, tartaric, and other acids as those he mado w-ith acetic acid. A. Lubbert 
and M. Roschor found that thin aluminium foil, 0-001 in. thick, is dissolved by two days’ 
immersion in a 2 per cent. soln. of gallic acid, or in 1, 5, and 10 per cent. soln. of oxalic 
acid. E. E. Muthieu-Plessy found an aq. soln. of oxalic acid attacks aluminium at 200®. 
E. R. Hodges found that a cold sat. soln. of oxalic acid attacks aluminium slowly, while 
a hot aoln. acta more quickly ; the speed slackens at 57°, and below 30° the action is very 
slow. A. Ditto also studied the effect of oxalic, tartaric and citric acids, and found that the 
metal is attacked at the first moment of contact which covers tho surface of the metal 
with a layer of hydrogen, and that later on the metal is covered with a film of hydroxide 
which is gradually dissolved if alkali or alkaline earth halides be present, and hence theso 
salts hasten the attack. R. Degener obtained similar results. A. Benedicenti and 
8. Rebello-Alves found that aluminium combines with protein compounds when the two 
are shaken togethor. A. Lubbert and M. Roscher studied the action of red and white 
wines, coffee, and tea ; M. Balland, wine, beer , cider, coffee, milk, oil, butter, fat, urine, saliva , 
and damp earth ; 0. Rupp, various kinds of liquid and solid foods ; and O. Lunge and 
E. Schmid, claret, hock, brandy, beer, tea,- and coffee. The latter said the action of coffee, 
tea, and beer is praotically aero. D. Klein and A. Berg said that aluminium is not attacked 
by soln. of sugar. K. W. Charitschkoff found that aluminium is superior to copper, and 
equal to iron, in its power of resisting tho action of petroleum products. J. W. Richards ,Q 
made some observations on the corrosive effects of organic secretions, saliva, and per* 
spiration. , 
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Numerous other observations have been reported on the action of food stuffs, etc,, 
on aluminium cooking and domestic utensils. The general results show that only small 
traces are dissolved, and, as U. Lunge and R, E. Schmidt said: “ There is no danger of any 
injurious effect on the human laxly atx'ing that the food itself contains much more than ih 
dissolved, in fact they could not act injuriously unless quantities hundreds of times larger 
were regularly entering the stomach.” H. St. C. Doville 11 also said that the possible 
compounds which aluminium can form with the materials used dans la cuisine sont d une 
innocuUi abaolue. The Lancet (1913) also concluded that "any suspicion that aluminium 
may communicate poisonous qualities to food in the process of cooking may Ik* Httfely 
dismissed.” The dark stains sometimes produced on aluminium were found by 
0. K. Tinkler and H. Masters to l>e produced by a ferruginous impurity. 

According to E. Vigouroux, silicon docs not unite with aluminium when the 
two elements are heated together, hut if a third element be present a mixed silicide 
ia formed (q.v.) ; F. E. Weston and H. R. Ellis could not make the silicide by heating 
aluminium powder with silica; in all cases silicon is formed. According to 
E. Vigouroux, the reduction occurs at 800°. (\ Friedel and L. Roux found that 
silicon tetrachloride acts on aluminium at a red heat, forming free silicon and 
aluminium chloride. By treating sodium fluosilicate with an excess of aluminium, 
A. Pacz made silicon-aluminium alloys, and by replacing silicon in the complex 
fluoride by boron, beryllium, scandium, lanthauium, zirconium, iron, cobalt, 
nickel, copper, and vanadium, corresponding alloys were formed . (r. Rauter said 
the reaction begins at 360°-370°. E. Kohn-Abrest found that when aluminium is 
heated in a porcelain boat at 1100° in vacuo, a yellow film of aluminium silicide is 
formed. Aluminium vapour attacks porcelain liberating silicon, which is absorbed 
by the molten aluminium. Molten aluminium was found by 1). P. Smith to blacken 
glass. A. L. Williams found that, unlike copper, aluminium did not frit with fused 
mica. C. and A. Tissier, H. St. 0. Deville, and F. Wohler found that glass and 
silicates generally are reduced to silicon by molten aluminium at a high temp. 
Hence silicate slags rapidly corrode the metal. If the metal be melted in fireclay 
there is a risk of contamination ; the silicate in the best plumbago crucibles was 
found by J. W. Richards to increase the percentage of silicon in aluminium melted 
therein. H. St. ( 3 . Deville found that if aluminium be melted in a glass vessel an 
alloy of silicon and aluminium, and an alkali aluminatc are formed. Magnesia-lined 
crucibles or furnace beds can be used satisfactorily for melting aluminium. 

As indicated above, an aq. soln. of the alkali hydroxides is a very active solvent 
for aluminium ; but H. St. C. Deville showed that these remarks dr; not apply to the 
fused hydroxide, which does not attack aluminium ; ho said : “ A bead of the pure 
metal may be dropped into melted sodium hydroxide, contained in a silver vessel, at 
a red heat, without observing the least disengagement of hydrogen.” A. Oavazzi 
also showed that aluminium is not in the least affected by fused alkali hydroxide 
provided no extraneous water is present. According to N. N. Beketoff, aluminium 
reacts with potassium hydroxide at high temp. ; somp potassium is formed and 
volatilized. A. Rossel and L. Frank found that when a mixture of sodium dioxide 
and aluminium powder is exposed to damp air, moisture is absorbed and spontaneous 
inflammation ensues ; if the mixture be moistened, a very high temp, is produced. 
The mixture is dangerous and requires handling with care. According to J. W. Mallet, 
calcium, strontium, and barium oxides are partly reduced at a high temp, by 
aluminium and the reduced metals are volatilized. N. N. Beketoff obtained alloys 
of aluminium with up to 33 per cent, barium by heating baryta with an excess of 
aluminium. J. H. T. Aumann found that magnesium oxide is also partially reduced 
by aluminium. F, E. Weston and H. R. Ellis found that aluminium reduces lime 
when heat is supplied, and that magnesia is not reduced. Both calcium and 
magnesium reduce alumina when the mixture is ignited with a fuse. 

C. and A. Tissier 12 first noted the reduction of the metal oxides by aluminium ; 
they did not succeed in reducing zinc or manganese oxide in this way ; but they 
reduced iron oxide, forming an iron-aluminium alloy ; there was a strong explosion 
with copper oxide, and with lead oxide, 60 grms., and aluminiym foil, 2‘9 grins., the 
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crucible was broken to pieces and the doors of the furnace blown off. Aluminium 
oxide has a very high heat of formation— about 131*2 Cals., and this is equal to or 
slight I r lower t hair the heats of formation of the oxides of calcium, strontium, 
lithium, and magnesium, but larger than the heats of formation of sodium, potassium, 
rubidium, silicon, boron, and most of the other metal oxides. Hence, unless these 
magnit tides alter adversely with rise of temp, it would be anticipated that aluminium 
would reduce the metal oxides at high temp. Some such hypothesis guided 
fl; Goldschmidt, who found that the oxides of the alkalies and alkaline earths are 
reduced with difficulty by aluminium, but practically all the other metal oxides are 
reduced hy heating them with aluminium powder, and he obtained either the metal, 
or an alloy of the metal, with aluminium, from the oxides of chromium, manganese, 
iron, copper, titanium, boron, tungsten, molybdenum, nickel, cobalt, zirconium, 
vanadium, niobium, tantalum, cerium, thorium, barium, calcium, sodium, potas- 
sium, lead, and tin. He said : 

In a thermite reaction, n metallic compound is reduced by one of several metals or 
metallic alloys in such n way that when tlie mixture is ignited at one [dace, the reaction 
continues ot its own accord, so tbut under complete oxidation of the reducing element, 
a fluid slag is foimed, while the reduced metal is obtained as a homogeneous uniform regulus ; 
if the oxide is used m excess, the reduced met ul is free, or practically free, from the element 
list'd ns a reducing agent. 

The solid oxide is intimately mixed with rather less than an eq. quantity of 
granulated aluminium, and is placed in a crucible lined with magnesia. Owing to 
the high ignition temp, of the mixture, the reaction is started either by burning 
magnesium, or by t he aid of a special ignition powder a mixture of barium dioxide 
and aluminium which is placed on top of the mixture of oxide and aluminium, 
and lighted with a match. When the reaction has been startl'd in one spot it is 
propagated throughout the mass with great rapidity. So much heat is generated 
that the reduced metal is melted. Reductions of this type are called thermite 
reactions, or aluminothermic reactions. In these reactions the heat is developed 
with great rapidity, and the local rise of temp, is very great- estimated in some 
cases to be ,‘KKH) in t>() sees. The system may be likened to a furnace from which 
gaseous products are. not evolved, and in which metals themselves are used as fuel. 
Tin 1 process is employed for the production of carbon-free metals or alloys like 
chromium, manganese, molybdenum, ferro-t itanium, ferro-vanadium, ferro-boron, 
eupro-mangunese, etc. A mixture of finely divided aluminium with ferric oxide 
(or the oxide of some other metal), approximating to ‘iAl-pKe./);*, is sold under the 
registered name thermit, and it is used in joining or welding iron and steel rails, pipes, 
etc., and in repairing fractured parts of machinery- - engine frames, crank-shafts, 
etc. The process has been described by W. H. Wulil, K. Htiitz, etc. A suitable 
mould is fitted round the part to be repaired, and molten iron produc ed by the thermit 
reaction is allowed to flow into the place where the joint is to be made. A. Colani, 
C. Matignon, It. Trannoy, and H. bonzes- Diaeon prepared phosphides, arsenides, 
silicides, and borides by simultaneously reducing two oxides by the thermite reaction. 
H. Moissan, E. Wedekind, A. Stavcnhagen and E. Schuchard, etc., have prepared 
aluminium alloys bv this process. W. H. Greene and W. H. Wahl dissolved the 
metal oxide in cryolite and reduced it to the metal by means of aluminium. 

H. Goldschmidt also showed that other compounds can be reduced by aluminium 
powder for example, the metal sulphides are more easily reduced than the oxides, 
as might be anticipated from the smaller heat of formation. The heats of forma- 
tion of zinc, magnesium, manganese, potassium, sodium, strontium, and calcium sul- 
phides are greater than this, cadmium, iron, etc., less. H. Ditz examined the process 
with iron sulphides. The metal sulphates react more vigorously than the sulphides, 
and G. Matignon said that mixtures of the sulphates and aluminium powder are 
often more explosive than with the nitrates. C. and A. Tissier, for instance, found 
that a vjolont explosion occurs when potassium and sodium sulphates are melted 
with aluminium. A t Rossel and L. Frank found that the reduction of banum 
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sulphate ami of calcium sulphate in attended by ft violent explosion ; some sulpluir 
is formed. F. Faktor reduced sodium thiosulphate by beating it with aluminium, 
and obtained aluminium sulphide. (’. Mutigium found that the metal chlorides are 
not suitable for reduction by aluminium on account of their volatility. A. Hossel 
and L. Frank reduced sodium chloride with aluminium, and they obtained some 
chlorine in the reaction with chromic chloride. The Uhemische Fahrik (iriesheim 
Elektron reduced potassium fluoride with aluminium: CKF -\ A 1 3 K | K :1 AIK fl . 
According to J. W. Richards, when fluorspar is melted it gives off a little hydro- 
fluoric acid vapour. produced bv a reaction with the hygroscopic moisture, this 
forms a little aluminium fluoride; otherwise, the molten fluoride lias no action on 
aluminium. He also stated that cryolite attacks finely divided aluminium at a 
temp, exceeding 1100" with the possible formation of a suhlluoride ; but the metal 
en masse is not attacked. When aluminium powder is fused with silver chloride, 
a silver-aluminium alloy is formed, and when the vapour of mercurous chloride is 
passed over heated aluminium, mercury and aluminium chloride are volatilized, 
and the aluminium is melted by the heat of the reaction. U. and A. Tissier found 
that potassium carbonate is less vigorously reduced by aluminium than the sulphate, 
some carbon and alkali aluminatc being formed. There was no deflagration. Accord- 
ing to J. W. Mallet, if a mixture of aluminium and dry sodium carbonate be heated 
in a carbon or lime crucible, or in a graphite crucible lined with lampblack, sodium 
is formed and volatilized, and there remains a regains of aluminium, crystals of 
alumina, aluminium nitride, and carbon It is assumed that carbon is separated 
and sodium aluminatc is first formed, and the latter is then reduced by more 
aluminium. The corrosion and pitting of aluminium when cleaned with soda soln, 
is eliminated by adding enough sodium silicate to combine with the calcium in the 
water and form a protective coating of aluminium silicate on the metal. Mixtures 
of sodium carbonate and silicate are sold under tin* trade names eaihosil, jxtnl <lusl , 
and (ujmtmol for cleaning aluminium \essels. A. Holing studied the protective 
action of sodium silicate on aluminium against attack by soln. of sodium hydroxide 
and carbonate. 

If. St . U. Dcville said that aluminium can be fused with potassium nitrate without 
the least change, even at a red heat. If the temp be high enough to decompose the 
nitre, the metal forms potassium alunnnate with the liberated potassium oxide, 
and the reaction is sometimes accompanied by deflagration. Aluminium is purified 
by fusion with nitre in an iron crucible, but if the fusion he conducted m u fireclay 
crucible, aluminium silicide is formed, and tins is readily oxidized by the alkalies. 
S. Mierzinskv found that nitre at a red heat oxidizes powdered aluminium, and a blue 
flame is produced. Nitre is sometimes used as an ingredient in aluminium flash- 
light powders. According to (i. Koth.a mixture of aluminium powder and ammonium 
nitrate can be used as an explosive; the reaction is symbolized ‘INH4NO3 f 2 A 1 
— 3 N.> [ OHoO 4-ALO3. A number of explosives in which ammonium nitrate and 
aluminium are mixed with carbon, hydrocarbons, with or without oxidizing agents, 
has been described by ('. E. Biehel, If. von Dahmen, et c.— e.g. ammoml. and 
A. Tissier observed no change when a mixture of calcium phosphate and aluminium 
foil is heated to whiteness. A. Hossel and L. Frank found that many phosphates • 
r.(). ammonium sodium hydrophosphate, sodium metaphosphate, bone meal, 
phosphorite, and magnesium pyrophosphate -can be heated with aluminium 
with the formation of aluminium phosphide, alumina, and an aluminatc, and 
some phosphorus is volatilized. If silica be simultaneously present, the whole of 
the phosphorus is volatilized: 6 NaPO 3 4 -l 0 Al-|- 3 SiO 2 --SNagSiO*- -|-0AL() ;r f fiP. 
According to A. Duboin, a mixture of 3 mols of normal calcium phosphate with 
8 gram-atoms of aluminium burns with a brilliant flame in air or in an atm. 
of hydrogen, and when the product of the reaction is treated with water, some 
phosphine is set free. 

According to H. St. 0 . Deville, 13 the action of aluminium on any sajt can be 
readily deduced from the\ction of the metal on the corresponding acid of the salt. 
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Hence, it could be predicted that in general aluminium will precipitate no metal, 
not oven silver, from acid sob. of the sulphates and nitrates, and this is in agreement 
with F. Wohler’s observations ; but, as C. and A. Tissier have shown, metals may 
be precipitated from hydrochloric acid soln. Likewise, in alkaline soln., silver, 
lead, and the more electropositive elements will be precipitated. According to 

G. A. Maack, the precipitation of metals from soln. of their salts by aluminium 
is usually easiest in alkaline or ammoniacal soln., less easy in acid soln., and most 
difficult in neutral soln. Soln. of nitrates are decomposed with the greatest 
difficulty, and soln. of the chlorides are decomposed most easily ; and the addition 
of an alkali chloride to the nitrate soln. facilitates the reduction. The metallic 
precipitation is generally accompanied by the evolution of hydrogen. C. For- 
nienti and M. G. Levi investigated the reduction of salts of gold, platinum, 
palladium, cadmium, lead, tin, beryllium, cerium, niobium, thorium, zirconium, 
chromium, uranium, thallium, zinc, iron, manganese, mercury, antimony, arsenic, 
bismuth, silver, copper, cobalt, nickel, silicon, and boron by aluminium. In many 
cases, the aluminium does not completely replace the metal which is contained in 
the salt, and the reduced metal is often mixed with more or less aluminium, forming 
an alloy. In other cases, the metal which first separates subsequently forms a basic 
salt or is oxidized. The reduction of metallic chlorides takes place the more readily 
the greater the difference between the beat of formation of aluminium chloride and 
that of the metallic chloride, and this is also the case with other salts. 

The above statements are illustrated by the action of aluminium on cupric 
salts. According 1o G. A. Maack, neither a cold nor a hot soln. of copper nitrate 
is reduced by aluminium except in the presence of free acid or an alkali. S. Mier 
zinsky said that a green basic salt is obtained from the nitrate. CL A. Maack found 
that a dil. aq. soln. of cupric sulphate is slowly reduced in the cold, and S. Mierzinsky 
obtained dendrites or oetahedra after the mixture had stood two days. CL A. Maack 
observed that the precipitation is accelerated if sulphuric acid, ammonium or 
sodium chloride, or sugar be present, and if a drop of potassium hydroxide be added, 
a dark red precipitate begins to form immediately. An ammoniacal soln. of cupric 
sulphate is not precipitated by aluminium ; copper is immediately precipitated from 
a,soln. of cupric chloride, but some hours are required with a soln. of cupric acetate. 
A. Fossa, and N. Tarugi applied the reducing power of aluminium on cupric salts 
to^tlie quantitative determination of copper. With silver salts, CL A. Maack observed 
that aluminium precipitates tin* metal from a soln. of silver sulphate ; F. Wohler 
and CL A. Maack, from ammoniacal silver oxide ; and A. Cossa, from silver chloride. 

H. Mierzinsky found that with a feebly acid or neutral soln. of silver nitrate the metal 
is precipitated in dendrites after standing about (> hrs. A. Cossa, G. A. Maack, 
N. Tarugi, and C. H. Hirzel made similar observations ; according to J. B. Senderens, 
aluminium hydroxide and nitric oxide are formed ; S. Mierzinsky found that 
aluminium precipitates silver as a crystalline powder from an ammoniacal soln. 
of silver chloride, or chromate. F. Wohler noted that aluminium in contact with 
zinc reduces a silver nitrate soln. so long as the two metals are in contact. Aluminium 
rapidly roduces gold from soln. of gold salts. C. Moldenhauer found that with an 
aq. soln. of potassium oyanoaurate : GKAuCy 2 +6KOH+2Al-6Au-f 12KCy 
4“Al 2 0 3 ri*3ll2C). C. H. Crowe studied the action of normal soln. of chlorides, 
sulphates, and nitrates of the sodium, potassium, and magnesium on aluminium. 

According to J. Margottet, all metal chlorides excepting those of potassium and 
sodium are reduced from their aq. soln., but this statement cannot include the 
chlorides of the other alkali metals, and those of the metals of the alkaline earths, 
or the magnesium salts. Sob. of aluminium salts give aluminium hydroxide when 
treated with magnesium. G. A. Maack found that soln. of zinc salts— chloride, 
nitrate, or sulphate — are scarcely changed by aluminium, but both he and A. Cossa 
precipitated zinc from an alkaline soln. of zinc salts — hydrogen is at the same time 
evolved., G. A. Maack found that cadmium is slowly and partially precipitated 
by aluminium from $ n ammoniacal sob. of cadmium salts ; aq. soln. of cadmium 
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chloride are completely reduced ; sola, of cadmium sulphate arc scarcely affected ; 
and aluminium has no action on sola, of cadmium nitrate. According to S. Mier- 
zinsky, mercurous salts are reduced by aluminium ; for instance, an alcoholic sola, 
of mercurous chloride deposits mercury and this more quickly if the soln. he heated ; 
and a soln. of mercurous and potassium iodides is similarly reduced. Aluminium 
decomposes soln. of the mercuric salts— chloride, cyanide, and nitrate : and also, 
according to G. A. Maack, the sulphate, potassium mercuric sulphide, nitrate at 
50 °- 60 ° ; or, according to A. Cossa, potassium mercuric iodide, and an alcoholic 
soln. of the chloride. In each rase, the separated mercury forms aluminium 
amalgam, which then attacks tho water, forming aluminium hydroxide and mercury. 
K. Varet found that with mercuric cyanide dissolved in water-free ammoniaeal 
alcohol, a double salt of mercury and aluminium is formed. L. Bernegau studied 
the action of aluminium on the different salts of mercury. By treating a soln. of 
mercuric chloride with aluminium in the presence of water, or other solvent, 
Gehe and Co. found that a colloidal mixture of mercurous chloride, aluminium 
oxychloride, and hydroxide is produced. 

II. yt. C. Deville found that aluminium is attacked by soln. of aluminium salts 
with the evolution of hydrogen ; and, according to C. Formenti and M. Levy, 
aluminium chloride is reduced to a subchloride. G. Lemoinc found that the quantity 
of hydrogen set free is greater than corresponds with the amount of metal dissolved, 
and therefore inferred that aluminium acts catalytically on the decomposition of 
water. A soln. of alum does not attack the metal, but in the presence of sodium 
chloride the metal is dissolved with the evolution of hydrogen. In neither case 
lias the salt any marked action, but the two salts jointly attack the metal severely. 
A. Cossa found that soln. of thallium salts are reduced by aluminium. According 
to G. A. Maack, tin salts are reduced by aluminium- soln. of stannous and stannic 
chlorides rapidly, and sodium stannate slowly — F. Wohler obtained needle-like 
crystals of tin from a soln. of potassium stannate. Crystals of lead were found by 
S. Mierzinsky to be slowly precipitated by aluminium from soln. of lead salts — 
nitrate or acetate ; G. A. Maack found a trace of lead was obtained from a soln. of 
lead nitrate after a week’s time ; and load acetate is not affected even if the soln. 
be warmed. F. Wohler said that no lead is precipitated from neutral or acid soln. 
of lead nitrate, but a lead-tree is obtained from alkaline soln. ; some gas is developed 
at the same time. S. Mierzinsky found aluminium precipitates lead and chromic 
oxide frpm an alkaline soln. of lead chromate. A. (Jossa also studied this reaction. 
G. A. Maack found that lead is obtained by leaving lead sulphate for some time 
in contact with aluminium and sulphuric acid. G. A. Maack found that bismuth 
salts are incompletely reduced by aluminium ; soln. of tungstates and molybdates 
are reduced to blue lower oxides, and uranyl sulphate is likewise reduced. With 
manganese salts and aluminium, G. A. Maack found that the chloride is immediately 
decomposed while the sulphate and nitrate are scarcely, if at all, affected. W. Crookes 
found a boiling soln. of potassium permanganate slowly oxidizes aluminium. 
G, A. Maack found that ferric salts— chloride and sulphate - arc slowly reduced, 
precipitating iron and giving off hydrogen ; while potassium ferrocy&nide and 
ferricyanide give blue precipitates. R. Bottger said that potassium ferricyanide 
is not reduced by aluminium. G. A. Maack found that nickel and cobalt chlorides 
are reduced by aluminium, and soln. of the other salts are but slowly changed. Soln. 
of platinum salts are rapidly reduced. A. Korczynsky Btudicd the catalytic action 
of aluminium or its salts on the hydrogenation of aromatic hydrocarbons. 

Some reactions of analytical interest.— The salts of aluminium have an acid, 
astringent taste, with a slightly sweet flavour, and, unless coloured by the acid radicle, 
they are colourless. The salts are not precipitated by hydrochloric acid, or hydrogen 
sulphide in acid soln. ; aq. ammonia produces a white gelatinous or colloidal pre- 
cipitate of aluminium hydroxide which is slightly soluble in the reagent, but is less 
soluble in the presence of ammonium salts. The precipitate is deflocculated or 
peptized when the salts are removed from the precipitate «by washing ; this is 
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prevented by washing with a soln. of ammonium chloride or nitrate. Freshly pre- 
cipitated aluminium hydroxide is readily soluble in dil. acids, but it is not so easily 
dissolved if it has stood for some time. F. Jackson 14 said that the precipitation of 
the hydroxide by ammonia can be detected in solu. containing one part of aluminium 
salt in 8000 parts of water. A similar precipitation occurs when potassium or sodium 
hydroxide is added to the soln. of aluminium salt, but in this ease the precipitate 
is soluble in an excess of the reagent owing to the production of a soluble alkali 
illuminate, AI(OM) ;j . The addition of a dil. acid to an alkali aluminate first pre- 
cipitates aluminium hydroxide, and with a further addition all is dissolved. The 
aluminates are decomposed by the addition of ammonium salts. Aluminium 
hydroxide is soluble in tartaric, malic, citric, and many other organic acids, also 
in starch, sugar, etc. I fence, the presence of these compounds prevents the 
precipitation of aluminium hydroxide by alkali-lye, or a<|. ammonia. Aluminium 
hydroxide is also precipitated by ammonium sulphide because the aluminium 
sulphide is hydrolyzed as fast as it is formed ; by a boiling soln. of sodium thio- 
sulphate owing to the hydrolysis of the aluminium thiosulphate; by acidifying the 
soln. with hydrochloric acid, and boiling with sodium or ammonium nitrite, as 
recommended by (1. YVynkoop, and E Schirm (iron, and chromium, but not zinc, 
manganese, cobalt, or nickel hydroxides, are precipitated) ; bv adding phenyl- 
hydrazine, as recommended by W. If. Hess and K I). Campbell, and E. T. Allen 
(chromium, titanium, zirconium, and thorium are precipitated, but not ferrous iron, 
beryllium, manganese, zine, cobalt, or nickel) ; by potassium, sodium, or ammonium 
carbonate or hydrocarbonate, because tin* aluminium carbonate is hydrolyzed by 
water; and, according to J. N. von Kucha, by calcium or barium carbonate suspended 
in water here, too, aluminium carbonate is presumably formed and hydrolyzed. 

No precipitation occurs if an alkali acetate be added to a cold neutral soin. of an 
aluminium salt, but if the soln, be boiled the aluminium acetate is partially liydrolvzod 
and u basic acetate, Al(()ll),((UI ;l (L), is precipitated. The reaction is reversible’ 
for the precipitate redissolves as the soln cools. The presence of tartaric acid and’ 
many other organic acids prevents the precipitation Similar results are obtained 
with ail alkali succinate or an alkali formate. Aluminium salt soln no 
jfroeipitate with alkali tartrates, alkali oxalates, tartaric acid, oxalic acid, o^hydro- 
fluosilicic acid. A gelatinous precipitate of aluminium phosphate, AlP() t , is pro- 
duced when an alkali or ammonium phosphate is added to a soln. of an aluminium 
salt. The precipitate is soluble in mineral acids, but. unlike the phosphates of 
magnesium and of the alkaline earths, it is insoluble in acetic acid. Aluminium 
phosphate is soluble in alkali-lye, and when the soln. is boiled with ammonium 
chloride, a mixture of aluminium phosphate and hydroxide is precipitated ; the 
addition of barium chloride to the soln. precipitates barium phosphate, and leaves 
the aluminute in soln. 

If potassium sulphate be added to a cone. soln. of an aluminium salt, crystals 
of alum are formed. According to E. F. Antiion, sodium tungstate precipitates 
aluminium salts completely ; and, according to l. von Ittner, potassium ferrocyanide 
gives a white precipitate slowly when cold, rapidly when heated the precipitate 
soon becomes green and blue. When tincture of morin is added to a dil. soln of 
an aluminium salt, K. (Joppelsroder obtained a tine green fluorescence not given 
by beryllium and the rare earths; a decoction of campechy wood was found by 
0. Horsley and E. Schuwacher-Kopp, to give characteristic colours ; and a tincture 
Of cochineal was found by C. Luckow to behave similarly. According to V. W. Atack, 
aliiarin gives a red colour which can be recognized when one part of aluminium is 
present in 10 million parts of soln. When aluminium compounds are heated with 
sodium carbonate on charcoal before the blowpipe, they give a white, infusible 
brightly glowing oxide, which, when moistened with cobalt nitrate soln.’ and again 
heated, furnish a blue infusible mass of Thenard's blue. ° 

Somo uses Of aluminium.—- Ill its early days aluminium was unlucky in that 
exaggerated statements of its wonderful properties were in circulation. Anticipation 
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transcended reality. The high place finally accorded to the metal fell short of 
first expectations. Some were disappointed, and exaggerated the importance of 
its defects. Hence, said II. Moissan 15 : ('aluminium ext In metal dr I'arcnir pour Ics 
tins, cl le metal de la deception pour les autrcs. J. W. Richards has said that one of 
the greatest metallurgical achievements of the nineteenth century was undoubtedly 
the addition of aluminium to the metals of everyday life. Aluminium is now manu- 
factured in numerous forms, wires, bars, tubes, sheets, powder, foil, and ingots. It 
is used in the manufacture of domestic utensils. Its lightness, difficulty of corrosion, 
case in keeping clean, and high thermal conductivity make its use for cooking- utensils 
particularly advantageous. It is used largely for military equipments when it is 
necessary to reduce to a minimum the weight to be carried by each soldier ; it is 
used in the canteens, for buttons, belt-plates, tent-rings, the scabbards and handles 
of swords, etc. Its use in chemical laboratories for air-baths, wafer-baths, Bunsen 
burners, hot-water filtering funnels, and condenser tubes has been discussed by 
T. H. Norton; and its use in the construction of chemical plant bv It. Seligman. 
It is used in the construction of surgical instruments -handles of knives and saws, 
speculum instruments, etc. Aluminium plates have been used as a substitute for 
the stone in lithographic work. Alloys with aluminium as the predominant metal 
are largely used for constructional purposes parts of bicycles, motor cycles, motor 
cars, torpedo boats, yachts, aeroplanes, etc. The high electrical conductivity of 
aluminium and its noil-magnetic properties enable aluminium or its alloys to replace 
much of the brass work in electrical apparatus. Its use as an electrical conductor 
was discussed by M. Wunder. It is used for portable telephone and telegraphic, 
work-- vide supra, electrical conductivity of aluminium. It is used for letters and 
signs to be attached to glass and wood. Aluminium-leaf is used as wrapping foil, 
and for decorative work, where it has largely superseded silver-leaf for this purpose. 
Powdered aluminium is used in large quantities as a decorative paint called by the 
trade-name aluminium bronze. 

Aluminium is largely used in the manufacture of steel ingots and castings 
A. Borsig, R. L. Packard, B. Talbot, etc. I p to 1 ozs. are added as the steel is being 
poured into the ingot moulds or group of moulds. It increases the soundness of 
the tops of ingots and thus decreases the scrap which more than compensates for the 
cost of the small proportion of aluminium used. Aluminium quietens the ebullition 
of steel. When steel, without the addition, is poured from the ladle into the ingot 
mould, it boils for 10 15 mins, before freezing at the top. and when freezing, it 
rises 8-10 ins, in the mould; with the addition of aluminium, the steel comes up 
to the required level and remains there, freezing over within 30 15 secs.; the 
steel is afterwards poured into the mould. The steel with the addition is more 
homogeneous ; it has a greater tensile-strength ; the castings have a smoother surface, 
and are less afflicted with blowholes. The aluminium removes any oxygen or oxides 
and acts as a deoxidizer. It also renders the steel less liable to oxidize during 
casting. Aluminium improves the casting of ordinary cast iron. The uses of 
aluminium in thermite reductions, and in the manufacture of explosives, and flash- 
light powders have already been described. J. W. Richards gives a list of about 
200 commercial and technical applications of aluminium. Aluminium can be 
autogenously welded, 16 but the difficulty in soldering the* metal is a disadvantage. 
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§ 0. The Atomic Weight and Valency of Aluminium 

The hydrogen equivalent of aluminium approximates to 9. In 1812, 
J. J. Berzelius 1 gave A10 3 for the formula of alumina ; this made the at. wt. of the 
metal 9x6 ; but in 1826, after he had recognized the existence of sesquioxides, ho 
wrote the formula A1 2 0 3 , and this made the at. wt. 9x3. T. Thomson, however, 
wrote the formula A10, which made the at. wt. 18, and this view was adopted by 
J. L. Gay Lussac in 1833. L. Goldin's equivalent number for aluminium, 9xl{, 
was based on the sesquioxide formula. 

J. J. Berzelius’ at. wt., 27 nearly, is in approximate agreement with Dulong 
and Petit’s rule ; it is in harmony with Mitscherlich’s isomorphic rule applied to the 
oxides and salts of tervalent aluminium, iron, chromium, and manganese, and with 
the alums in* which, besides the elements just mentioned, other tervalent elements - 
gallium, indium, thallium, titanium, vanadium, rhodium, ruthenium, and iridium- 
may take part. The location of aluminium in the third group of the periodic table 
as head of the family of certain elements of the rare earth series, emphasizes certain 
tervalent characters of this element. For a long time it was assumed that aluminium 
enters into combination as a sexivalent group Al 2 analogous to ferricum. The 
earlier determinations of the vapour density of aluminium chloride by H. St. C. Deville 
and L. Troost in the vicinity of 400° gave results corresponding with the formula 
A1 2 C1 8 , but determinations at higher temp., 1000°, by L. F. Nilson and 0. Pettersson 2 
corresponded with the simpler formula A1C1 3 ; at intermediate temp., intermediate 
values are obtained since the reaction Al 2 Cl fl T=*2AlCl 3 is involved. These results 
were confirmed by C. Friedel and J. M. Crafts, Fig. 59. In 1865, W. Odling and 
G. B. Buckton prepared aluminium methide, A1(CH 3 ) 3 ; and L. Roux and E. Louise 
showed that the vapour density of aluminium ethide, near the b.p., corresponds with 
A1 2 (C 2 H 6 ) 6 , and at a higher temp, the compound decomposes. G. Quincke, however, 
found that “ when the vapour density is determined at as low a temp, as possible — 
a few degrees above its b.p. — the results with aluminium methide agree with the 
formula A1(CH 3 ) 3> and not with A1 2 (CH 3 ) 6 as reported by L. Roux and E. Louise, and 
V. Meyer.” A. Combes also found that the vapour density of aluminium acetyl- 
acetonate, about 45° above its b.p., agrees with the formula A1(C B H 7 0 2 ) 3 . A . Werner 
and W. Schmujloff found the mol. wt. of aluminium chloride in boiling pyridine to 
be A1C1 3 , but the argument is faulty because pyridine forms a well-defined complex 
salt with aluminium chloride. E. P. Kohler found that the bromide and iodide in 
boiling carbon disulphide behave as if they bad the doubled formulae Al 2 Br 6 and 
Al 2 I e ; but in boiling nitrobenzene, aluminium chloride has the formula A1C1 8 , and 
in freezingnitrobenzenc, the bromide and iodide have the respective formulae AlBr 8 
and Allj. In general, if aluminium chloride unites with a solvent, it has the simpler 
mol. A1C1 3 , but in an indifferent solvent like carbon disulphide, it has the doubled 
mol. formula — vide infra, aluminium chloride. 

It was assumed that chlorine is univalent, and it therefore follows that m the 
doubled molecule, A1 2 C1$, aluminium is at least quadrivalent C1 3 ™A1~ -AlpCl 8 ; 
and J. Traube tried to evade the difficulty by assuming that the aluminium is here 
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sexivalent CI a S=Al=Al— Cl 3 . E. P. Kohler, however, claimed that the explanation 
is simpler if it be assumed that one or more of the chlorine atoms are tervalent : 

Sai-ci-ci-ak '' 1 ai(ci^ci)m 

Cl 11 \3=Cr 

At higher temp., the molecule splits by breaking the double linkages of the chlorine 
atoms. C. T. Haycock and V. It. Neville measured the lowering of the f.p. of a soln. 
of aluminium in tin, and inferred that the solute is in the mol. form Al 2 ; W. Ramsay 
likewise made a similar inference from the lowering of the vap. press, of mercury 
by aluminium. In both cases it is assumed that no compounds are formed. 

J. J. Berzelius 3 made a single determination of the at. wt. of aluminium by 
igniting dry aluminium sulphate, and from the ratio A1 2 0 3 : 3S0 3 so obtained, it 
follows that A1 27*31 ; H. Baubigny obtained 27 06 by an analogous process. 
W. W. Mather analyzed aluminium chloride, and from the ratio A1C1 3 : 3Ag0l com- 
puted A1 2H-8. J. B. A. Dumas analyzed aluminium chloride, and from the ratio 
AlCl 3 :3Ag computed the at, wt, 27 45; H. Krepelka, 26*972 with Ag — 107'88, 
and (3 s- 35 458; and J. W. Mallet from the ratio, AlBr 3 : 3Ag, 27 09. C. Tissier 
oxidized aluminium, and from the ratio 2A1 : 30, computed 27*14; M. Isnard by 
a similar process obtained 27*0, J. Thomsen, 26*99, and E. Kohn-Abrest, 27*09. 

T. W. Richards and H. Krepelka analyzed aluminium bromide, and from the 
ratio AlBr 3 .* 3AgBr obtained for the at, wt. 26*963. A. Terreil heated aluminium 
in a stream of dry hydrogen chloride, and measured the hydrogen evolved, 
and from the ratio, A1 : 3H, computed 27*4 ; J. W. Mallet treated aluminium 
with a soln. of sodium hydroxide, and by measuring the vol. of hydrogen com- 
puted 27*095 from the ratio A1 : 3H, and he also burnt the hydrogen, and 

weighed the water; from the ratio 2A1 : 3H 2 0 he obtained 27*07. J. Thomsen 

also determined the A1 : 3H ratio by a process similar to that used by J. W. Mallet, 
and obtained 26*97 ; J. Torrey obtained 26*967 ; while K. Kohn-Abrest dissolved 
aluminium in hydrochloric acid, burnt the hydrogen to water, and so obtained 
27*25 from the ratio 2 Al : 31I 2 0. From these observations, B. Brauner deduces 
27*0510*05, or 27*1, as the best representative value for the at. wt. of aluminium ; 
and F. W. Clarke, 27*04. The International Table of Atomic Weights gives 27*1. 

The atomic number of aluminium is 13. No isotopes have been detected by 
F. W. Aston. 4 E. Rutherford and J. Chadwick found that long-range particles 
were liberated from aluminium when bombarded by a-rays. These particles were 

assumed to be hydrogen nuclei produced by the decomposition of the atoms of 

aluminium. The distribution of momentum in terms of the initial velocity of the 
a-particles lias been measured, and it is estimated that there is a 42 per cent, gain 
in energy as a result of the assumed disintegration of the aluminium. The 
electronic structure of the aluminium atom has been discussed bv J. D. M. Smith. 
N. V. Sidgwick, etc. 
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§ 7. Alloys and Intermetallic Compounds o! Aluminium 


Aluminium readily alloys with other metals and a large number of intermetallic 
compounds has been described. These compounds do not usually form solid 
soln. with one another or with the component metals, so that, as J. W. Richards, 1 
and E. F. Law have emphasized, the useful alloys of aluminium with another metal 
M are those in which a small proportion of aluminium enhances the useful properties 
of the metal M ; and those in which a small proportion of M imparts advantageous 
qualities to the aluminium. Bibliographies have been compiled by M. Sack, and 
1\ I). Merica. 

H. St. 0. Deville 2 stated that aluminium readily unites with small proportions 
of sodium , and that one alloy with one to two per cent, of the alkali metal decomposes 


water in the cold. 0. H. Mathewson found 
that molten sodium and aluminium are not 
mutually soluble, and form no compounds, 
Fig. 30 ; and I). 1\ Smith obtained similar 
results with potassium and aluminium, Fig. 31. 
The f.p. curves of the immiscible liquids have 
two arrests, one corresponding with the alkali 
metal and the other with aluminium. The 
dotted lines in tin; diagrams represent what 
is assumed to be the solubility curves of the 
one constituent in the other. 
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J. Percy and A. Dick 2 seem to have been the lirst to draw attention to the 
alloys produced by adding aluminium to copper ; they said that “ a small pro 
portion of aluminium increases the hardness of copper, does not injure its malle- 
ability, makes it susceptible of a beautiful polish, and varies its colour from 
red-gold to pale-yellow.” C. and A. Tissier showed specimens in 1856, and the 
alloys were described a week afterwards by H. Debray. The last-named showed 
that aluminium unites with copper with the development of much heat — according 
to F. Tomlinson, the addition of 10 per cent, of aluminium to molten copper raises 
the temp. 134° ; H. C. H. Carpenter said 40°. The term aluminium bronze is 
applied to alloys of copper and aluminium containing up to nearly 11 per cent, 
of the latter metal ; thus, there are one per cent, bronzes, 5 per cent, bronzes, 
and the term without any qualification is understood to apply to 10 per cent, 
aluminium bronze. 

The alloys can be produced by adding aluminium to molten copper, by thermite 
reactions ; by thermoelectric reactions, etc. 4 Their manufacture has been discussed 
by R. J. Anderson. The constitution of the alloys has been the subject oi many 
investigations. 5 H. C. H. Carpenter and C. A. Edwards’ equilibrium diagram is 
shown in Fig. 32. There are seven solid phases designated a, a', {}, y, y , 8 , and c ; 
all are solid soln. There are two minima, one at 545° with 68 per cent, of aluminium, 
and one at 1038° with 9 per cent, of this metal. There is«a maximum at 1050° 



230 INORGANIC AND THEORETICAL CHEMISTRY , 

t 

corresponding with the compound Cu 3 A1, and another imperfect one at about 588° 
corresponding with CuAI 2 . The solidus and liquidus curves of the a-phase lie rather 
close together, so that the compositions of the portions which crystallize first are not 

There is a complex series of solid 
soln. containing less than 12*5 
per cent, of aluminium. The 
character of these soln. depends 
on the rate of cooling, and 
different authorities are not in 
agreement as to the interpreta- 
tion of the structure of alloys 
annealed at different temp. If 
the alloy with 10*7 per cent, 
of aluminium be used as the 
anode in a soln. of ferric chloride 
in dil. hydrochloric acid, the 
more electropositive constituent 
dissolves, and the solid soln. 
a' remains in yellow grains 
approximating 4Cu-f A1 in com- 
position. The system has also 
been studied by J. H. Andrew, B. E. Curry, S. H. Woods, M. Wahlert, L. Guillet, 
A. A. Blue, B. Ohtani and T. Hemmi, D. Stockdale, T. Usihara, K. E. Bing- 
ham and J. L. Ifaughton, A. G. C. Gwyer, W. Campbell and J. A. Mathews, 

N. A. Puschin, H. Gautier, 11. le Chatelier, C. T. Heycock and F. H. Neville, 
M. L. V. Gavler, J\ 1). Merica and co-workers, etc. J. D. Edwards studied the 
process of solidification of these alloys ; and A. Portevin and G. Arnou, the effect 
of annealing on the structure and mechanical properties of the aluminium bronzes. 

O. Bauer and H. Arndt studied the segregation in these alloys. J. H. Chamberlain 
found that the changes in vol. which occur with alloys of aluminium with about 
15 per cent, of copper are due to the absorption of the 8-alloy by the e-alloy. 

•D. Stockdale showed that the temp., 0, of the liquidus curve of the copper- 
aluminium alloys with x per cent, of aluminium is 0—81)1 -f -2f«— x 2 t when x is 
betvycc.n 1) and 18 ; and 0—169 f-97'4x — 2'8 j 2 , with x between 18 and 22. The 
maximum with the latter equation is 1016°, when x-~\Ti per cent. D. Stockdale 
then argued that this maximum really represents a compound copper 
hemialuminide, Cu 2 A1. 

The copper tritalumiiude, Cu 3 A1, appears in the equilibrium diagram, and 
W. Louguininc and A. Schukareff made it by adding to fused copper about one per 
cent, more aluminium than corresponds with the formula. L. Guillet obtained it 
by a thermite reaction with cupric oxide and aluminium. The prismatic crystals 
arc golden-yellow. K. Becker and F. Ebert, from the X-radiogram, found the side 
of the elementary cubic colls is 3'47 A. The sp. gr. at 20° is 7'52, so that there is a 
considerable contraction during the formation of the compound. H. Behrens 
gave 3*4 for the hardness. W. Louguinine and A. Schukareff gave 123*5 cals, per 
gram for the heat of formation. L. Guillet said that oxygen attacks it first at a high 
temp, and then very rapidly ; moist carbon dioxide acts at ordinary temp. ; chlorine 
at 200°, forming A1C1 3 and Cu01 2 ~ the latter forms a protective skin on the alloy ; 
boiling water or dil. potassium hydroxide does not perceptibly attack the compound ; 
nitric acid dissolves it in the cold ; sulphuric acid reacts giving hvdrogen, sulphur 
dioxide, and sulphur ; dil. hydrochloric acid has no action while the hot cone, acid 
attack* the alloy slowly ; and it is dissolved by aqua regia. The equilibrium diagram 
does not show evidence of the existence of copper aluminide , CuAl, but L. Guillet 
claims to have made it as a grey powder by the thermite reaction with cupric oxide 
and aluminium, and treating the product with hydrochloric acid ; and H. le Chatelier, 
by the action of dil. hydrochloric acid or potassium hydroxide on an allnv M 


very different from those which crystallize last. 



Fiu 32. —Equilibrium Diagram of Aluminium and 
Cojqier Alloys. 
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aluminium. L. Guillet found its sp. gr. to be 5 76 at 20*— calculated by the mixture 
rule 5’02. W. Louguinine and A. Schukareff estimated its heat of formation to bo 
20 ‘8 cals, per gram ; L. Rolla gave 32 ‘38 cals, per mol. L. Guillet found that the 
alloy is easily oxidized, but moist carbon dioxide has no action ; it is attacked by a 
cold cone. soln. of potassium hydroxide ; it is slowly attacked by sulphuric acid ; 
dil. hydrochloric acid attacks it slowly, and the hot cone, acid more rapidly. The 
other reactions are like those for copper tritaluminide. The equilibrium diagram 
shows the existence of copper dialuminide, CuAl 2 . L. Guillet made it by the 
action of cupric oxide on aluminium in the thermite reaction. G. Tammann and 

K. Dahl studied the brittleness and fracture of these alloys. W. Rosenhaiu reported 
that the X-radiogram of copper dialuminide corresponds with a face-centred lattice 
parallelopiped with edges 4'31 A. and 2'42 A. There the aluminium atoms approach 
within the rango 2*42 A., whereas in the aluminium lattice, the closest approach 
is 2‘86 A. No application of external press, could force the aluminium atoms 
as closely together as they are in the compound. The quadratic prisms 
have a sp. gr. 5*37 at 20° — the value calculated from the mixture rule is 4*04. 
B. E. Curry gave 585° for the f.p. G. D. Roos gave 76 '4 cals, per gram for the 
heat of fusion. W. Louguinine and A. Schukareff give 57 ‘2 cals, per gram, and 

G. D. Roos gave 76*4 cals, per mol for the heat of formation. L. Guillet found the 
compound to be rapidly attacked by cold dil. potassium hydroxide ; to be dissolved 
by boiling nitric acid ; to be slowly attacked by sulphuric acid ; and to be rapidly 
dissolved by cold hydrochloric acid. It is not dissolved by cold aqua regia, but 
is slowly attacked at a higher temp. A. Meyer found that a 10 min. immersion in 
a 4 per cent, alcoholic soln. of picric acid darkens CuAL without affecting the 
remainder of the alloy. 

W. Louguinino and A. Schukareff claim to havo made a compound, letraropper ennea- 
aluminide , Cu 4 A1„, by melting the component metals. The up. gr. of the silver. white crystal- 
line mass is given as 4-118 at 20°, and tho sp. ht. as 0*1502. They also reported copper 
trialuminide to bo formed as a silvor-white crystalline mass of sp. gr. 4-042 at 20°, and 
sp. ht. 0-1586 betweon 20* and 100°. G. 1). Kooa gave - 13 53 cals, per mol for the heat 
of formation. Thoro is no cvidenco that those products aro anything more than solid 
soln. 

According to H. C. II. Carpenter and C. A. Edwards, the colour of the alloys of- 
copper and aluminium was silver-white when over 25 per cent, of aluminium 
was present ; as the proportion of the latter metal is decreased the colour became 
pale-grey, lead-grey, and a reddish tinge appeared with 18 per cent, of aluminium ; 
the colour passed through different tints of red and was a pale golden-yellow with 
8 per cent, of aluminium ; and with less than 3*5 per cent, of aluminium, the colour 
of copper appeared. C. and A. Tissier, H. Behrens, h. Regelsberger, W. C ampbell, 
W. Louguinine and A. Schukareff, L. Guillet, A. M Portevin, R. H. and A. II. Cowles 
and C. E. Mabery, P. Morin and E. H. Moreau, etc., have made observations on the 
colour of these alloys. H. Behrens, and most of the observers on the constitution 
of the alloys have studied the internal structure ; E. 0. Bain, W. Rosenhaiu, 
A. Westgren and G. Phragmen, and K. Becker and F. Ebert, the X-radiogf&ms ; 
W. Frankel and R. Seng, A. M. Portevin and J. Philippon, and A. A. Blue, the heat 
treatment ; W. Campbell, the fracture of the alloys ; and 0. Bauer, the JU^ation. 

H. C. H. Carpenter and C. A. Edwards, W. Louguinine and A. Schukareff, L. Guillet, 

L. Schleiffarth, A. Riche, G. W. A. Kahlbaum and E. Sturm, B. Ohtam and 
T. Hemmi, etc., have measured the Specific gravity ; C. and A. Tissier, 11. Debray, 
H. Behrens, H. C. H. Carpenter and C. A. Edwards, J. D. Edwards and T. A. Moor- 
raann, F. Auerbach, K. Bomemann and F. Sauerwald, B. W. Hales, and 
J. G. A. Rhodin investigated the method of estimating the composition of aluminium 
copper alloys from sp. gr. The dilatometric transformation was investigated 
by P. Braesco ; the specific volume, by K. Bornemann and F. Sauerwald ; the 
hardness, by T. Isihara, B. Ohtani and T. Hemmi, C. and A. Tissier, H. Behrens, 
L. Guillet, B. E. Curry, etc. ; the age-hardening, by M. L. V. Gayler ; tho 
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at. vol. of the solute atoms, by A. L. Norbhry; G. Tammann and K. JJuhl 
the brittleness ; the malleability and ductility, by B. E. Curry and 8. H. Woods, 
L Guillet, V. W. Webb, H. Tomlinson, W. Rosenhain, P. Morin and E. H. Moreau, 
P. Rreiiil, etc. ; the tensile strength, by H. C. H. Carpenter and C. A. Edwards, 
J. 0. Arnold, B. Ohtani and T. Hemmi, A. Portevin and F. le Chat elier, E. k 
Blant, A. Morley and C. A. Tomlinson, H. Lange, L. Schleiffarth, L. Tetmeyer, 
H. le Chatelier, A. K. Huntington, R. A. Hadfield, G. Tammann and K. Dahl, 
etc. ; the elastic modulus, and the recovery of the alloy from overstrain, by 
A. Morley and G. A. Tomlinson ; and the sonorousness , by the Chemische Fabrik 
Sobering. H. le Chatelier. and P. Hidnert measured the thermal expansion ,* 
J. W. Richards, the thermal conductivity ; W. Louguinine, the specific heat ; and 
W. Louguinine and A. Schukarcff, G. I). Roos, and L. Rolla, the heat of formation. 
P. Rreuil, L. Seiupell, and those who have studied the constitutions have made 
observations on the melting point. K. Bornemann and V. Sauerwald, and H. Alter- 
thuin studied the dissociation of copper aiuminide at different temp. The electrical 
conductivity and electrical resistance have been studied by R. Benoit, L. Guillet 
and M. Ballay, L. Weiler, W. Bronicwsky, H. le Chatelier, 0. D. Chwolson, and 

G. W. A. Kahlbaum. The electrical conductivity of copper-aluminium alloys, 
measured by K. Bornemann and K. Wagemann, shows a maximum between 30-40 at. 
per cent, of aluminium, a marked change of direction corresponding with CuA 1 2 , a 
less distinct one with AlCu ; , ; and a maximum with 80-90 at. per cent, of aluminium. 
W. Bronicwsky found the electrical conductivity curve corresponded with the 
existence of Al 2 Cu 3 . The electromotive force of the cell A) | Ca(OH} 2 soln. | Cu„Al 
was measured by N. A. Puschin; and the electrolytic valve action and electrolytic 
corrosion by W. S. Howland ; and the thermo-electric properties, by H. Pecheux. 
The effect of tin on copper-aluminium alloys was studied by M. Wiihlert. The 
Reports on the Lipid A (lops (London, 1921) by the Advisory Committee for 
Aeronautics describes the properties of cupriferous aluminium alloys. 

H. St. C. Devillc said that aluminium bronze cannot differ much from the other 
alloys of copper, but B. S. Proctor found that it has a small advantage over ordinary 
brass in its power to resist corrosion, and its surface, when tarnished, is more easily 
cleaned. E. Wilson found that the attack by the atm. increases as the proportion 
•of copper is raised, il Stockineier, and R. Kayser found that aluminium bronze 
slowly decomposes water at 20 ’, and more rapidly at 60°. Observations on the 
corrosive action of sea- water, and soln. of various salts have been made by A. Ditte, 

H. V. 11. Carpenter and ('. A. Edwards, J. W. Richards, H. le Chatelier, 
W. S. Howland, H. Behrens, etc,. C. F. Mabery found hydrogen chloride gas removes 
all the aluminium from heated aluminium bronze. M. Balland, H. Moissan, and 
E. Defurcjz examined the action of hydrochloric acid ; W. Louguinine and 
A. Hehukarelf. of bromine water ; 11. Behrens, of sulphuric acid ; J. W. Richards, of 
nitric acid ; and K. Kehultze, of some organic acids. (J. and A. Tissier, and L. Petit- 
Devaueelle have made observations on this subject. B. S. Proctor found ammonia 
and coal gas have a slight action ; 11. $t. C. Deville found hydrogen sulphide attacks 
the alloy less readily than the copper alloys. 

11. St. C. Deville, 0 and C. R. A. Wright found that aluminium and silver are 
readily alloyed by direct fusion. All alloys with less than about 50 per cent, of silver 
are more fusible than aluminium, as illustrated by the fusion curves, Fig. 33. 
L. Guillet made the alloys by reducing silver oxide by the alumi no- thermic reaction. 
C. Tissier fused aluminium with silver sulphide, and found aluminium sulphide in 
the slag. M. Rietz and Al. Ilerold made aluminium-silver alloys by electrolysis. 
G. 1. Petrenko constructed the fusion curve diagram shown in Fig. 33. The f.p. 
falls from the m.p. of aluminium to that of the eutectic at 507° ; on the rising curve 
there is a break at 721° and 11 15 per cent, of ahimiuium corresponding with silver 
hemialuminide, AgsAl ; and another break at 771° and 7*72 percent, of aluminium 
corresponding with silver tritaluminide, Ag 3 Al. Both compounds are dimorphous, 
and form solid soln. as indicated in the diagram. C. T. Heycock and F. H. Neville, 
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and H. Gautier also made observations on the f.p. curve of silver-aluminium alloys. 
C. H. Hirzel reported as silver-white alloys AlAg 4 of sp. gr. 9 374 ; AlAgg of sp. gr. 
8*744 ; and AlAg of sp. gr. 6 733. G. Guillet claimed to have made Ag 4 Al 3 by the 
action of dil. hydrochloric acid on the powdered trita- or hemi-aluminides ; he gave 
7*08 for the sp. gr., and said that it is not 

soluble in nitric acid, or in cold hydrochloric 1,000 *1 1 f T 1 

acid ; and dissolves slowly in hot sulphuric | I " ] | Jj 

acid. H. Behrens, and G. I. Petrenko \\SohJsoLn*hq//j 

studied the microstructure of these alloys. j- j j j '// 

C. T. Heycock and F. H. Neville made X-ray v sod fi'AlAg t +BAlAr^ J 
photographs of sections of the 4Al-f Ag-alloy. ^ c 

In general, the addition of a little silver to | 700 « _ [ j 1 

aluminium makes the metal whiter, increases g* 65 f j _ 

its hardness, enables it to take a better polish, ^ i A<AiAg t jj 

and makes it denser and stronger. G. le Grix 1 +-5! n 

and W. Broniewsky measured the hardness T| j 567 ! a- AlAg} x ^ ; 

of the alloys, and found a maximum corrc- soo ^eutectic j 

spending with silver ditritaluminide, Ag. { Al 2 , ' J 0 ^ - 1 J, ^ Jo too 

and a minimum with silver tritaluminide. Atomic per cent Ag 

G. Tammann and K. Dahl investigated the Fio. 33. Krwzing-point Curvn of 
brittleness, and fracture. The so-called tiers- Mixtures of Silver ami Aluminium. 
argent is an alloy made by C. and A. Tissier 

with two-thirds aluminium and one-third silver : it has many advantages over 
silver-copper alloys. The alloy with 5 per cent, of silver has a high malleability, and 
a sp. gr. 2*8. Both these alloys have been made into dessert-spoons, forks, and articles 
generally made of silver. The so-called aluminium-silver is an alloy of copper, 
nickel, and aluminium. G I. Petrenko said that alloys with up to 7 72 per cent, of 
aluminium are quite stable in air. H. Debray said that the alloy with 3 per cent, of 
silver is not attacked by hydrogen sulphide ; on the contrary, »S. Mierzinskv said that 
every alloy of silver and aluminium is more quickly attacked by this gas than silver 
alone, and in this statement, added ,). W. Richards, the latter is wrong. G. le Grix 
and W. Broniewsky measured the electrical conductivity of the alloys at different 
temp. N. A. Puschin found that the c.m.f. of the cell A1 j Ga(OH) 2 soln. | Ag x Al 
showed a break corresponding with silver alumimde , AgAl, but not with Ag 2 Al 
and Ag 3 AI, but W. Broniewsky showed that such an alloy always has a heterogeneous 
structure. W. Broniewsky measured the thermo-electric force, and C. A. Kraus, 
the electrical conductivity. 

C. and A. Tissier 7 said that aluminium can carry as much as Id per cent, of gold 
without impairing its malleability or ductility ; but W. U. Roberts-Austen found 
that the addition of a small amount of aluminium quickly lowers the malleability 


* t&tU - W 1- ■ 
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500 *1 + eutectic \ 


Atomic per cent Ag 
Fio. 33. Krwzing-point Curvn of 
Mixtures of Silver and Aluminium. 


of gold. C. T. lleyeock and F. 11. Neville found that the addition of aluminium 
to gold lowers the f.p. of the latter metal, and an alloy containing 21*5 at. per cent, 
of aluminium freezes as low as 525°, Fig. 34. Further addition of aluminium 
raises the f.p, until a maximum is reached at 625°, corresponding with gold 
he mialuminid e, Au 2 Al. The f.p. curve then falls again, reaching another minimum 
or eutectic point at about 570°, corresponding with 40 at. per cent, of aluminium. 
From that point, the curve rises rapidly to 1060°, the f.p. of gold dialumimde* 
AuAl 2 , the purple compound discovered by W. U. Roberts-Austen. After passing 
this maximum, the curve falls again and has a minimum close to the f.p. of pure 
aluminium.’ This curve, on which a large number of points has been determined, 
shows the existence of the compounds Au 2 A1 and AuAls, whilst other singularities, 
less well marked than those mentioned, point to the formation at various stages of 
less stable compounds, probably gold tetri taluminide, Au 4 Al ; gold trialuminidi, 
Au 8 A1 3 (or Au 5 Al 2 ) ; and gold aluminide, AuAl. As the curve is followed, the 
different substances that crystallize out may be traced in the changing colour of 
the alloys, which are at first yellow, owing to the presence of free gold, then white, 
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then purple , and finally white again as the aluminiu® end of the curve is reached. 
C. T. Heycock and F. E Neville further studied alloys with up to 5 per cent, of 
aluminium. The inset in Fig. 34 is an enlargement of the diagram about the first 
eutectic, indicated the existence of two series of solid soln. (a and fi), and of the 



FiO. 34. --Freezing-point Curvo of .Mixtures of Aluminium and Gold. 


compound Al 3 Au 8 . This compound is found in all the alloys containing from 18 
to 28 atomic per cent, of aluminium. Rccalescence phenomena associated with the 
cooling curves of alloys containing from 10 to 27 atoms per cent, of aluminium 
point also to the formation of A1 Au 4 . J. A. Matthews could not prepare gold 
dialuminido. 

G. F. Andrews found the colour of gold-aluminium alloys : 

White Pule Very pale Violet Pinkluh- Pale Violet* 
violet-brown violet violet violet pink 

Per cent, gold ... 5 10 15 50 78 90 94 


The alloys are said to be of little practical use except for decorative purposes. 
The so-called Niirnbe.rg gold is u ternary alloy approximating copper, 90 ; gold, 2’5 : 
and aluminium, 7f> per cent. 0. T. Heycock and F. H. Neville, and W. C. Roberts- 
Auslen uud F. Osmond studied the minute structure of these alloys ; C. T. Heycock 
and F. H. Neville, X-radiograms; W. 0. Roberts- Austen, the m.p., the tensile 
strength, and the elongation of the gold-aluminium alloys ; and C. H. Descb, the 
eutectic mixtures. W. 0. Roberts-Austen showed the great heat of combination by 
malting 30 grms. of gold in a crucible and keeping the temp, at 1155° ; 0*3 grm. of 
cold aluminium was stirred into the molten metal. The temp, fell to 1045°, and 

then rose briskly to 1380° — i.e. 225° above the 
initial temp, of the gold. 

F. Wohler 8 prepared an alloy of alu- 
minium and with 8 0 per cent, of calcium by 
melting approximately equal parts of sodium 
and aluminium with a large excess of calcium 
chloride. He regarded the alloy as a mechanical 
mixture, but found it to be acted upon by 
neither air nor water. Poulenc Frfcres and 
M. Meslans, and E. Jiingst and R. Mewes also 
prepared calcium-aluminium alloys. K. Arndt 
noted the great development of heat when 
the two metals are combined under molten 
potassium chloride. L. Donsky found that 
the f.p. curve, Fig. 35, shows two eutectic points at 610° and 61 per cent, 
(components aluminium and CaAl a ) and 550° and 75 per cent, (components 
calcium and CaAl 8 ) of calcium respectively. Between 16 per cent, and 43 per 
cent, of calcium, the alloys separate into two liquid layers, which react at 
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Fig. 35. — Freezing-point Curves of 
Mixtures of Aluminium and Calcium. 
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692° to form calcium trialuminide, CaAl 3 . Alloys containing 0-8 per cent, 
of calcium have the colour of aluminium, and are somewhat harder than that 
metal. Those containing a moderate amount of calcium are brittle and porous, 
and those rich in the latter metal are less brittle and are unstable in the air. 
J. M. Breckenridge studied the electrical conductivity of these alloys and found a 
break in the curve with CaAl 3 ; the electrochemical potential curves of these alloys 
also gave a maximum corresponding with CaAl 3 . 0. Ruff and H. Hartman studied 
the action of nitrogen on a heated alloy of calcium and aluminium. Alloys of 
barium and aluminium were made by E. Jiingst and R. Mewes. E. Stansfield 
made an alloy with 60 per cent, of barium by the thermite process. N. N. Beketoff 
also claimed to have made an alloy with 24-33 per cent, of barium by melting a 
mixture of barium chloride and hydroxide with aluminium. 1 f barium chloride alone 
be used, the aluminium floats on the molten chloride without reaction. E. Beckmann 
obtained results different from those of N. N. Beketoff — vide supra. C. Vickers 
tried the effect of barium on aluminium, but with no favourable results. 


G. Oesterheld 9 found that molten beryllium and aluminium are miscible in all 
proportions, but they do not form a beryllium alutnintde. The f.p. curve, Fig. 36, 



hydrogen after leaving it in contact with water for a day. Both alloys appear to 
contain a definite compound because when treated with a soln. of ammonium chloride, 
they disengage hydrogen abundantly, and deposit a brilliant, tin-white, metallic 
powder — insoluble in a soln. of ammonium chloride or of sodium hydroxide. It *' 
burns with brilliant sparks when thrown into a flame. H. Pccheux made alloys 
by melting the components out of contact with air ; E. Jiingst and R. Mewes, by 
heating magnesium chloride with sufficient aluminium to volatilize all the chlorine 
as aluminium chloride ; and the Deutsche Magnaliumgesellschaft, by the elec- 
trolysis of molten magnesium halides— e.g. tachhydrite or carnallitc with an alloy 
of magnesium and aluminium as cathode. 

The m.p. have been studied by 0. Boudouard, who found maxima corresponding 
with MgA^, MgAl, and MggAl, but these conclusions are not reliable since too few 
a number of mixtures were examined, and only the initial f.p. were determined. 
More detailed observations were made by G. Grube, and G. Eger, who found evidence 
of the formation of AlgMg*. H. Schirmeister made some observations on the f.p. 
of these alloys. G. D. Roos gave 164*8 Cals, for the heat of formation of Mg 4 Al 3 , and 
W. Biltz and G. Hohorst, 49 cals. The last-named also gave 2*151 for the sp. gr. 
of MgiAL at 25°/4°, and 83*0 for the mol. vol. K. Becker and F. Ebert found from 
the X -radiogram that the length of side of the cubical cells was 4*80 A., and sp. gr. 
2*62. The results of D. Hanson and M. L. V. Gayler arc illustrated by Fig. 37. 
They found maxima corresponding with magnesium ditritaluminide, Mg 3 Al 2 , and 
with magnesium sesQuialuminide, or trihemialuminide , Mg 2 Al 3 . It will be observed 
that the compound MgjAlg does not occur just at the maximum, and this may be 
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due to the decomposition of the compound when it is melted, for the presence of a 
compound is shown on the liquidus curve either by a maximum, or by a point of 
inflection ; the former occurs when the dissociation temp, of the compound lies 

above the f.p. curve, and the latter when 
it lies below one of the branches of the 
curve but not below the eutectic. The 
maximum on the diagram corresponds with 
G. Grube's magnesium tri-tetritaluminide, 
Mg 4 Al 3 . This compound also appears on 
the ternary diagram of magnesium, alu- 
minium, and copper, Fig. 38. The fact that 
D. Hanson and M. L. V. Gayler found the 
alloy 4Mg-f3Al to melt over a range of 
temp, of 5° led them to infer that the 
existence of Mg 4 Al 3 has not been definitely 
established. B. Ohtani. and P. D. Merica 
° 10 Per cenfllg *° '°° anf l co-workers studied the thermal diagram 

Fin. 37.— Froozing-point Curve of Mix- of these alloys. 
turoH of Magnesium und Aluminium. According to G. Grube, the microscopic 
structure of the magnesium-aluminium 
alloys showed that those containing 0 35 per cent, of aluminium consist of primary 
crystals of solid soln. rich in aluminium, surrounded by another solid soln. with about 
35 per cent, of magnesium. With about 30 per cent, of magnesium the primary 
crystals are dendritic, and this led 0. Boudouard to assume the existence of a 
compound Al 4 Mg. Alloys with 35-54 per cent, of magnesium consist of a homo- 
geneous solid soln. ; those with 54 08 per cent, of magnesium consist of crystals 
assumed to he Al ;) Mg 4 embedded in a eutectic ; and alloys with 68 to 100 per cent, 
of magnesium consist of crystals of magnesium embedded in a eutectic. D. Hanson 
and M. L. V. Gayler, and B. Ohtani also studied the micro-structure of these alloys ; 
and K. Becker and F. filbert the X-radiograms. The alloys with 10—1 5 per cent, 
of magnesium are silver-white, polish readily, have a line grained fracture, a 
/p. gr. which increases as the proportion of magnesium rises, the m.p. is between 
600° and 700° ; and the sp. hi. exceeds that of aluminium. According to A. Wilm, 
alloys containing small quantities of magnesium are hardened by quenching, but the 
process is quite different from the hardening of steel. If quenched from 500° in 
cold water, the metal is at first soft, but the hardness increases in the course of a few 
days. The initial hardness is independent of the quenching temp., but the hardness 
attained after storage increases with the quenching temp, up to 470°, beyond which 
it is constant. Quenched duralumin was shown by E. lleyn and E. Wetzel to 
undergo an appreciable expansion on standing. K. Becker and F. Ebert 
examined X-radiograms of these alloys; J. T. Rooney, B. Ohtani, M. Hanzel, 
L. Aitchoson, etc., studied the mechanical properties of these alloys. Alloys 
of magnesium and aluminium containing 5 to 30 per cent, magnesium have 
approximately the same mechanical properties as brass and are used for making 
screws, nuts, wire, tubes, and sheets. The hardness increases with the magnesium 
content. With 70 per cent, magnesium, the alloy is as hard as mild steel. The 
tensile strength of alloys containing 2 to 10 per cent, magnesium is considerably 
improved by quenching from about 500°. M. L. V. Gayler studied the age hardening 
of these alloys. J. Schumann and L. Mach studied the reflection of light of wave- 
length 1850-2800 on these alloys. C. A. Kraus, and B. Ohtani studied the electrical 
conductivity of these alloys. J. Klaudy and A. Miethe have studied the chemical 
reactions of the alloys, and found that their behaviour closely resembles that of 
aluminium. H. IVcheux said that alloys with 15 34 per cent, of magnesium are 
not changed in air ; they are readily attacked by cone, and dil. acids, but sulphuric 
acid dops not attack the alloys rich in aluminium. L. Rolla studied the corrosion 
of these alloys. Distilled water and hydrogen peroxide readily attack all the alloys 
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especially if the alloys be in the form of filings, Mg-f 2H*0= Mg(OH) s -fH 2 . 
Potassium hydroxide soln. acts more quickly the higher the proportion of contained 
aluminium. An aq. soln. of cupric sulphate acts vigorously, 3Cu$0 4 f 2A1 
-A1 2 (S0 4 ) 3 +3 Cu. 

Ternary alloys of magnesium, aluminium, and copper, have been studied by 
R. Vogel, and M. L. V. Gayler. It. Vogel's observations are summarized in Fig. 38. 
The stippled regions show the zones ^ 

of existence of various forms of Al solid- — A 

mixed crystals with the ternary solution r ZA 

compound copper tetramagnesium (Q / v \ J0 

hexaluminide, CuMg 4 Al 6 . L. Mach A v \ / \ 

patented alloys with from 2-30 parts ^ / \j\ \ 7n 

magnesium to 100 parts of aluminium ?.0A~~ , 

-possibly alloyed with a little copper, / \ ' \Vernary 

nickel, etc., in such proportions that 30 V \ . y\sol/d\M 

the sp. gr. of the alloy does not exceed a/\ /r / ^Mutton 

that of aluminium. The alloys are /\\/ \J y \ 4 n 

called by the trade name magnalium. W TV A /\ 

The Deutsche Magnaliumgesellscbaft \ / \\/ \ 

raised the m.p. by adding antimony. 50 /- — fr y — jtb°r 

Magnalium has also been discussed F ' LA&zZJA r \ / \ V "WU 

by ll E. Barnett, W. G. H. Wolff, W5* 

J. Klaudy, etc. Magnalium has two Fm. 38. Ternary System, A1 AI 3 Mr 4 -A1 3 Cu. 
advantages over aluminium ; its 

tensile strength is greater, and it can be filed, drilled, ami turned much cleaner 
without dragging, tearing, or clogging the tool. It is more liable to oxidize when 
hot. R. E. Barnett said it is less liable to corrosion in the atm. of a laboratory than 
is zinc, copper, or brass. The alloys on the market show Gu, 1*70; Mg, I’M); 
Ni, 1‘16 with traces of iron and antimony ; Sn, 3*15 ; Gu, 0 21 ; Mg, 1*58 ; Pb, 0*72 ; 
and about 0*3 per cent, of iron. Another sample was intermediate in composition. 
J. Disch measured the thermal expansion of electron — an alloy of aluminium and 
magnesium-between -190° and about 300°. H. S. Kawdon and co-workers 
studied the attack by corrosive liquids. The alloy duralumin , introduced by 
A. Wilm, contains over 90 per cent, of aluminium ; about 0*5 per cent, of mag- 


Ternary System, A1 - 


XJ. ill. VJUIU1, u. s.,avsn-w*.».v.. - ~1 r- O . , , 

m.p. is near 650°; the Brinell’s hardness is 60-70. By cold-working annealed 
duralumin, high degrees of strength can be obtained. Unlike most . high-aluraimum 
alloys, duralumin can be hardened by quenching like steel, but unlike steel, it does 
not matter whether the hardening process is applied to the annealed or cold- worked 
material. Duralumin exhibits the remarkable property of ageing. When annealed 
and quenched, it shows no signs of increased hardness, but there is a percepti > e 
increase after it has stood an hour, and the hardness increases more rapidly up 0 
the sixth hour, and the increase continues for about 48 hrs., after which no furt icr 
change is perceptible. S. Konno, and E. Heyn and E. Wetzel studied the changes 
in length during the ageing of duralumin; K. L. Meissner, the corrosion ; and 
A. Knerr, the welding and soldering of duralumin. B. Ohtam, and V. Fuss 
also studied the ternary system Mg— Al~€u. ■ 

The first aluminium made by H. St. C. Deville » contained me derived from the 
retorts which had been made from a mixture of fireclay and old zinc retorts crushed 
to small fragments (grog). H. Debray found aluminium with 3 per cent of zinc 
was harder than aluminium and quite malleable ; C. and A. Tissier also ma c a y 
of these two metals, which, said A. H. Sexton, readily unite when in the molten 
state. C. R. A. Wright reported that the two metals form trus alloys and that 
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they arc miscible in all proportions. Some of the early solders for aluminium were 
mado of zinc with from 6-20 per cent, of aluminium. R. Basset, M. Dullo, and 
A. W. S. van OMruitenborgh, made zinc-aluminium alloys by reducing sodium 
aluminium chloride with zinc ; C. II. Hirzel, by melting the two metals under a 
layer of sodium or potassium chloride ; E. D. Self, by adding zinc to aluminium 
melted in a graphite crucible, and preventing oxidation by fat ; and E. S. Shepherd, 
by using graphite crucibles free from silicates and preventing oxidation by coal gas 
The constitution of the alloys has been studied by II. Gautier, T. Hemmi, 
G. Charpy, C. T. Heycock and F. H. Neville, W. Sander and K. L. Meissner, 
A. S. Federoff, E. S. Shepherd, G. Eger, A. Ssaposhnikoff, A. Sturm, 0. Bauer and 



Fin. 30. Equilibrium Diagram of Mixtures 
of Zinc and Aluminium. 



Fig. 40. — Thermal Expansion 
of Zn-Al Alloys. 


0. Vogel, M. Wiihlert, II. Peelicux, E. Cropaz, L. Losana and E. Carozzi, 
J. L. Haughton and K. E. Bingham, etc. The equilibrium diagram shown in Fig. 39 
is due to W. ltosenhain and S. L. Archbutt. The eutectic line to the right of the 
point F, Fig. 39, is metastable, and it disappears if the reaction along the line E 
is completed by sufficiently slow cooling, or by annealing at 400°. They established 
the formation, at 443°, of dendritic crystals of unstable zinc ditritaluminide, Zn 3 Al 2 



Fio. 41. — Electrical Conductivity, and 
Temperature Coefficient of Resist- 
ance of Zinc-Aluminium Alloys. 



Fio. 42. — Thermoelectric Power, E , at 
0° of Zinc-Aluminium AUovs. 


which decompose at 266° with a vigorous evolution of heat. The solid soln. 
are a, /?, y, and 5. The existence of the unstable aluminide was not shown by 
E. S. Shepherd’s equilibrium diagram, and he assumed that the alloys are formed of 
two solid soln.. The curves for the thermoelectric power, and the rate of change of 
thermoelectric power with temp., Fig. 42, as well as the electrical conductivity, and 
the temp, ooeff. of the resistance, Fig. 41, by W. Broniewsky, are typical of alloys 
which are soluble in one another to a limited extent, and in which the solid soln. 
thus formed mix with each other mechanically. The central portions of the curves 
are nearly linear and are typical of mechanical mixtures. 

The microstrueture of the alloys has been examined by E. S. Shepherd, 
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W. Campbell, E. A. Lewis, J. W. Richards, C. T. Heycock and F. H. Neville, 
W. Rosenhain and S. L. Archbufct. C. T. Heycock and F. H. Neville showed that 
there is no foundation for C. R. A. Wright’s statement that the molten alloy 
separates into two layers. A. M. Portevin studied the microstructure of the 
eutectic. E. Heyn and E. Wetzel studied the vol. changes during the ageing 
of these alloys. E. S. Shepherd measured the sp. gr. and sp. vol. ; K. Borne- 
mann and F. Sauerwald, the sp. vol. and expansion , J. W. Richards' E. D. Self, 
W. Rosenhain and S. L. Archbutt, A. H. Sexton, T. Isihara, and A. Ss'aposlmikoff,’ 
the hardness ; A. Ssaposhnikoff, W. F. Durand, W. Rosenhain and S. L. Arch- 
butt, the elastic modulus ; the tensile strength, by C. R. Carpenter, G. Charpy, 
E. S. Sperry, E. Wilson, M. Bass^ and M. Selve, and W. Rosenhain and S. L. Archbutt ; 
and torsion tests, compression tests, alternating-stress tests, and impact tests, by 
W. Rosenhain and S. L. Archbutt. 0. Bauer studied the liquation of these alloys 
and 0. Bauer and H. Arndt, segregation in these alloys. W. Louguinine and 
A. Schukareff measured the heat of formation ; E. Wilson, A. Schulze, and 
W. Smirnoff, the coeff. of thermal expansion. The results by A. Schulze are shown 
in Fig. 40. The disturbances in the curve are due to the formation of Al 2 Zn 8 . The 
dotted lines represent results on a falling temp., the others are on a rising temp. 
The m.p. were determined by J. W. Richards, W. F. Durand, and those who have 
worked on the equilibrium diagram, Fig. 39 ; and C. T. Heycock and F. H. Neville, 
the at. depression of the f.p. P. Braesco measured the heating curves. E. 8. Shep- 
herd said the surface tension is lower than that of aluminium, because the fluidity 
of the alloys is greater than that of aluminium. L. Schleiffarth found the addition 
of zinc to aluminium facilitates the production of sound castings. E. Wilson, 
A. Sturm, J. G. A. Rhodin, and B. W. Hales examined the method of estimating 
the composition of alloys of zinc and aluminium from the sp. gr. They found that 
copper and zinc have nearly the same influence on the sp. gr. of aluminium. 
A. Battelli, and H. Pecheux measured the electrical conductivity and resistance. 
W. Friinkel and E. Scheuer studied the effect of ageing on the electrical and 
mechanical properties. W. Broniewsky’s curves for the electrical conductivity at 
0°, and the temp, coeff. of the resistance between 0° and 100° are shown in Fig. 41 ; 
observations were also made by L. Holbom and E. Lcchner. Measurements of the 
thermoelectric power against copper were made by II. Pecheux, and against copper 
by A. Battelli ; W. Broniewsky’s curves for the thermoelectric power, E , aqd of 
the rate of change of thermoelectric power per degree are given in Fig. 42. 
E. S. Shepherd found that these alloys are more stable than the other alloys of 
aluminium because of the close proximity of the component elements in the voltaic 
series. C. Montemartini and E. Colonna found that with dil. nitric acid between 
7°-10°, with 1 grm. of alloy, the following amounts of ammonia are formed ; 

iiMn /c-c. • - - 2500 1000 120 70 45 

HJNU *\ Per cent. . . 0-25 1 00 10 00 27 5 45 0 

Ammonia formed . . 0 00253 0 00758 0 02737 0 00041 0 00132 grm. 

and with more cone, nitric acid, no ammonia is formed. L. Rolla studied the 
corrosion of these alloys. W. Rosenhain and 8. L. Archbutt studied the corrosive 
action of sea-water. M. Wahlert studied the effect of additions of iron. H. E. Brauer 
and W. M. Peirce measured the effect of impurities on the oxidation and swelling 
of these alloys. 

Some zinc-aluminium alloys have received special trade-names, e.g., the alloy 
with one-tfiird zinc and two-thirds aluminium is called alzene. 12 There are two 
light aluminium alloys, ztskon , with about one-fourth its weight of zinc, and zmum t 
which was originally called zalium. Both have been prepared for use in making 
scientific instruments. 0. d’ Albert speaks of the use of alloys with 12-20 per cent, 
of zinc in the automobile industry. The Deutsche Gold - und Silber-Scheideanstalt 
patented the use of up to 0*6 per cent, of aluminium along with zinc, in Parkes’ 
process for desilvering lead. 
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The ternary alloys of zinc, copper, and aluminium are called aluminium brasses. 
They are usually made either by adding aluminium to molten brass, or zinc to molten 
aluminium bronze. Combinations were studied by J. Bauer, 1 ** M. Wahlert and 
M. 0. Farmer. J. W. Richards said that Al-brasses flow well, give sharp sound 
castings, are more ductile and malleable, a greater tensile strength, and a greater 
power of resisting corrosion than ordinary brass. E. H. Schulz and M. Wahlert, 
V. Fuss, and V. Jares studied the ternary system: Al— Cu— Zn; V. Fuss, 
2 n Al— Mg ; and M. Levi-Malvano and M. Marantonio, Cu— Zn— Cu 3 Al. 0. Bauer, 
and L. Rolla studied the corrosion of these alloys ; and J. L. Haughton and 
K. E. Bingham, the constitution. H. C. H. Carpenter and C. A. Edwards have 
worked out the equilibrium diagram, Fig. 43. The areas ABC, BCDE, and DEF 
correspond respectively with the separation from the liquid of the a, j8, and the 
constituents corresponding with y, 8, e, and the aluminide CuA^ of the copper- 
aluminium alloys. The boundaries of the phases in the last-named area have not 
been determined. There is no evidence on the liquidus surface of a true ternary 
compound or eutectic deposited from liquid alloys with over 40 per cent, of copper, 
though the curvature of the isothermal lines probably indicates the existence of a 
ternary eutectic near that point. The univariant line BC connects two non-variant 



Pm. 43. -- Isothermal Linos in the Equi- Fio. 44. — Isothermal Lines in the Equi- 
librium Liquidus Diagram of tho Ter- librium Diagram of tho Ternary System, 
nary System, Cu— Zn— Al. Zn— Mg-Al. 


points of the copper-zinc and copper-aluminium systems. J . L. Haughton measured 
the electrical conductivity of the (hi -Al— Zn alloys at different temp. 

G. Eger constructed the equilibrium diagram, Fig. 44, of the ternary system 
Al- Mg- Zn. They are completely miscible in the liquid state, but in the solid 
state they are only partially soluble in one another. A peritectic horizontal in the 
Al s Mg,- ZiioMg system indicates the probable existence of the ternary compound 
magnesium zinc aluminide, Mg 7 Zn 6 Al 3 , which decomposes on melting, and which is 
capable of forming solid soln. This system was also studied by W. Sander and 
K. L. Meissner. The Reports of the Liijht Alloys (London, 1921) by the Advisory 
Committee for Aeronautics describes the properties of many zinciferous aluminium 
alloys. 

Cadmium readily forms alloys with aluminium. C. R. A. Wright 14 found that 
with equal parts of the two metals at 100° above the m.p., two layers are formed — the 
upper with 3‘39 per cent, of cadmium, and the lower with 0 22 per cent, of aluminium. 
The presence of tin prevents the separation. W. Campbell and J. A. Mathews made 
observations on this subject, and A. G. C. Gwyer constructed the equilibrium 
diagram, Fig. 45. Here no compounds of the two elements are indicated, 

H. St. (J. Deville 15 said that mercury is not able to unite with aluminium, but 
something is wrong, fqr A. Cossa made aluminium amalgam by melting the two 
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metals in an indifferent gas ; and C Tissier, by rubbing mercurv on aluminium 
dipping in a soln. of potassium hydroxide. According to 1. D'oeh, also II (' Oersto, 
made the amalgam in 1825 If the surface of aluminium be wclbcleancd or 
moistened with the alkahne soln. a shining amalgam is formed immediately it comes 
in contact with the mercury. J. B. Bailie and C. Fery 
said that if aluminium foil be placed in a tube with 
mercury, it oxidizes rapidly, and becomes heated, while 
the mercury becomes covered with a thin layer of alu- 
minium. By heating the two elements in an atm. of 
carbon dioxide in sealed tubes on a sand-bath, the 
amalgamation proceeds faster, the higher the temp., and 
the process is very active at the b.p. of mercury ; the 
vapour of mercury does not attack aluminium, only 
liquid mercury attacks aluminium au conlrairc , V. Bier- 
nacky, and N. Tarugi said that the vapour of mercury 
amalgamates with aluminium. L. B. Bailie and C. Fery continued that aluminium 
has a definite solubility in mercury. As the tubes containing the hot sat. soln. 
of aluminium in mercury are cooled, a crystalline paste separates, floating on 
the liquid. This paste was strained off, and heated in a current of hydrogen 
in a covered crucible so as to distil off the mercury. Arborescent crystals of 
aluminium remained; their composition corresponded with mercury dilriUtlu- 


S w 

zoo" 

0 °\ 


i~ 



\ 


& 




51 

T" 

□ 



Fio. 

Cur\ 


so too% Cd 

Knvzmg. point 
f ('miunum- 


Aluminium Allo\ s 



Fio. 46. — Freezing-point Curve of Mixtures of Mercury and Aluminium, 


minute, llg 3 Al 2 . A. Smits and G. J. de Gruijter measured the f.p. of mixtures 
of mercury and aluminium, and their results are indicated in Fig. 4b. The 
curve is comparatively simple. No compound is formed. There is a slight break 
at about 580° corresponding with the transition-point of aluminium. W. Ramsay, 
V. Biemacky, C. John, and N. Tarugi made the amalgam by the direct union of 
the elements. P. Casamajor found that if aluminium, in contact with a zinc rod, 
be dipped into mercury covered with acidulated water, aluminium amalgam is 
formed. 

R. P. Cailletet, and C. Tissier made aluminium amalgam by the action of 
ammonium or sodium amalgam on aluminium in the presence of water. C. Klauer 
states that if potassium amalgam be introduced into a hole bored in a crystal of 
alum, it immediately acquires a rotary motion which sometimes continues for 
half an hour ; at the same time, the alkali amalgam becomes more viscid, and takes 
up much aluminium. L. Bernegau found that dry aluminium gradually forms ail 
amalgam if tubbed with mercury salts — C. Reichard used mercurous or mercuric 
oxide, or mercuric amidochloride alone or made into a paste with mercurous chloride 
— mercuric sulphide alone or mixed with mercurous chloride gives no amalgam, 
but, according to H. Hurt, if the sulphide be moistened with a soln. of sodium 
hydroxide or hydrochloric acid, au amalgam is formed. J. Schumann found a 
mixture of aluminium foil with 75 per cent, of mercuric oxide reacts vigorously when 
moistened with water. Aluminium with a clean surface obtained by washing with, 
VOL. v. R 
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say, a soln. of alkali hydroxide, is amalgamated when dipped in an aq. soln. of 
mercuric chloride. This process has been used by J. B. Cohen and co-workers, 
H. Wislicenus and co-workers, and E. Kohn-Abrest and co-workers. E. Kohn- 
Abrest said that aluminium foil is scarcely affected if the soln. of mercuric chloride 
be less cone, than 0*01 per cent., but the action increases as the cone, of the soln. 
increases. P. Nicolardot said that purified aluminium (99*2 per cent.) is more 
sensitive than this, for if the surface be clean, the action can be detected in soln. with 
a cone, less than O’OOl per cent. Both workers showed that the reaction is inhibited 
if the aluminium contains copper ; but is not influenced by the traces of iron or 
silicou found in the commercial metal. J. P. Joule obtained aluminium amalgam 
by the electrolysis of soln. of an aluminium salt with a mercury cathode. 
L. P. Cailletet, 0. Tissier, W. Kettembeil, and R..E, Myers used a similar process ; 
the last-named said the process does not work with a soln. of aluminium sulphate. 
L. P. Cailletet obtained aluminium amalgam by connecting an aluminium wire 
with the negative pole of a battery and dipping it into mercury covered with acidu- 
lated water ; M. Krouchkoll added that if aluminium and iron be both connected 
with the negative pole of a battery, and similarly treated, an amalgam of the two 
metals is formed. A. Roger electrolyzed a soln. of an alkali aluminate with an 
anode made from a mixture of alumina and carbon, and a mercury cathode. 

According to C. Tissier, aluminium is made more electropositive by amalgamation, 
fur, said J. Klaudy, it precipitates far more positive metals from soln. C. M. van 
Deventer found that in neutral and alkaline soln., unlike aluminium, it is more 
positive than zinc ; and, added J. W. Richards, its reactivity approaches that of the 
metals of the alkaline earths. R. Kremann and R. Muller measured the electro- 
motive behaviour of aluminium mercury alloys ; L. Kahlenberg and J. A. Mont- 
gomery studied the effect of amalgamation on the potential of aluminium (q.v .) ; 
and alloys of aluminium with copper, zinc, or nickel. The amalgam very quickly 
loses its lustre in air, and is readily, oxidized to alumina ; the growth of the oxide is 
so fast that it has some resemblance to the so-called Pharaoh’s serpents. The 
surface oxidation protects the portion underneath so that it takes may be 24 hrs. 
for the aluminium to oxidize completely. If the amalgam be warmed and agitated 
in air, more or less anhydrous alumina is formed, and it is coloured reddish owing to 
the simultaneous formation of a little mercuric oxide. M. Krouchkoll said that a 
mixed amalgam of iron and aluminium oxidizes more slowly in air than aluminium 
amalgam. Observations on this subject have been made by C. Tissier, J. Klaudy, 
0. M. van Deventer, L. B. Bailie and 6. Fdry, G. le Bon, W. J. Humphreys, A. Cossa, 
W. Ramsay, C. Jehn, H. Heuze, M. Robin, E. 0. Erdmann, J. Schumann, P. Spica, 
etc .— vide supra, the chemical properties of aluminium. Aluminium amalgam 
decomposes water at ordinary temp. The reaction has been studied by J. B. Cohen 
and W, R. Ormandy, G. le Bon, C. Rcichard, P. Spica, L. B. Bailie and C. Fery, 
0. M. van Deventer. A. Cossa, J. Klaudy, L. Hugounenq, E. Kohn-Abrest and co- 
workers, 0. Mohr, il. Wislicenus, P. A. E. Richards, V. Zunino, H. Henze, E. 0. Erd- 
mann, F. Mylius and F. Rose, V. Biernacky, P. R. Jourdain, etc . — vide supra. 
According to J. Klaudy, acids readily attack aluminium amalgam, and, added 
H. Wislicenus, oven acids so dil. that they are without action on aluminium. 
C. Tissier, L. B. Bailie and C. Fery, L. P. Cailletet, C. M. van Deventer, and E. Kohn- 
Abrest have studied this reaction ; nitric acid, which scarcely affects aluminium 
en masse , dissolves out the aluminium from the mercury. L. B, Bailie and C. F&ry 
state that aluminium amalgam is attacked by a soln. of potassium hydroxide, forming 
potassium aluminate. The reducing action of aluminium amalgam on nitrates and 
nitrites has been studied by J. B. Cohen and W. R. Ormandy ; on alkali chromates, 
diohromates, and ferricyanides by C. M. van Deventer ; and on. potassium per- 
manganate by J. Klaudy. F. W. Bergstrom found that amalgamated aluminium 
reacts with sodamide in liquid ammonia soln. to form a definite crystalline com- 
pound, spdium tetramido-aluminate, NaJAl(NH 2 ) 4 } or Al(NH 2 ) 2 .NHNa.NH s , 
which loses one mol. of ammonia on heating in a vacuum above 90 °, forming 
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Al(NH2)‘2*NHNa. The actions of potassamide on amalgamated aluminium and on 
magnesium are analogous in character. A soln. of sodiiun in liquid ammonia 
reacts with amalgamated aluminium to form the same compound. The mercury 
does not play an essential part in the reaction. J. R. Bailie and C. Fery state that 
if antimony amalgam be mixed with aluminium amalgam, small crystals of 
antimony are formed on the surface ; the aluminium then oxidizes so that the 
mercury is freed from both metals. This recalls the action of lead on a molten 
alloy of tin and aluminium which results in the expulsion of the aluminium. The 
action of aluminium amalgam on alcohol has been studied by H. Wislicenus and 
co-workers, D. P. Konowaloff, W. Tischtschenko, and J. Klaudy ; on alkyl iodides, 
by H. Wislicenus, H. Fleck, etc. C. Radziewanowsky used the amalgam in the 
synthesis of aromatic hydrocarbons. The energetic reducing action of the ulu- 
minium couple on organic compounds has been studied by H. Wislicenus and 
co-workers, J. B. Cohen and co-workers, F. H. van der Laan, J. Klaudy, A. Lichen, 
M. Hanriot and A. Kling, H. F. Hunt and L. J. Steele, etc. E. Kohn-Abrest and 
co-workers found aluminium amalgam precipitates tannin and many alkaloids- 
nicotine, quinine, cocaine, etc., from soln. 
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§ 8. The Occurrence of Aluminium Oxides 


Crystalline alumina occurs in nature as the mineral corundum, ronmlon, or 
adamantine spar. There are three main varieties distinguished by the structure, 
and by the degree of purity, (1) The transparent or translucent gom-stones named 
according to their colours —the true or oriental ruby is red varying in tint from pale 
rose to carmine-red, brownish-red, and bluish-red— the most prized variety is said 
to be pigeon’s blood-red. The red colour is attributed to the presence of a little 
chromic oxide. The sapphire varies in colour from a pale blue to a deep indigo-blue. 
The paler varieties are sometimes described as feminine in contrast to the deeper 
and richer varieties called masculine. “ Oriental ’ ’ is sometimes prefixed to t he. name 
of the corundum gem-stones to distinguish them from other minerals possessing 
the same colour — e.g. the oriental topaz or yellow sapphire is yellow ; the oriental 
emerald is green; and the oriental amethyst or violet-ruby is purple -the true 
amethyst is a variety of quartz. A variety of sapphire having a stellate opalescence 
when viewed in the direction of the vertical axis of the crystal is the stellate or 
asteriated sapphire. The six-rayed star reflected from the basal plane is due to 
the presence of numerous thin twin-lamellae in the mineral. (2) Common corundum 
is transparent with no pronounced colour— for the tint varies from blue to grey, 
brown, or black. (3) Emery , a kind of granular corundum mixed with more or 
less magnetite or haematite. 

The sapphire, (rdirfaipos, of Theophrastos, 1 the sapkiros of Pliny and of the 
ancient Greeks and Romans, were the lapis lazuli of the present Gay. It is, however, 
possible that the ancients included other minerals in the term, because Pliny said 
that the best purple sapphires come from Median. The origin of the term “ sapphire ” 
is not known ; C. A. 8. Hofmann said that it is a Grecian word taken from Island 
of Sapphirine in the Arabian Sea, but 0. G. von Leonhard believed that the island 
was named after the mineral, and that the term is of Semitic origin ; while S. Friinkcl 
assumed that although the word is employed by Moses (Exodus, 24. 10), it was 
imported into the Semitic language. Emery is the Armenian whetstone , or the d koo; 
«£ dp/xmas of Theophrastos ; the smiris , or trpvp% of Dioscorides ; tho naxim 
(from Naxos) of Pliny ; the smiris of G. Agricola ; and the smergel or smirgel of 
J. G. Wallerius. In 1609, A. B. de Boot defined tho sapphire, asteria or sel gemma, 
ruby, and smiris. The similarity in the crystalline form led J. B. L. Rome de lTslc 
to suggest the identity of these minerals, and R. J. Haiiy placed the ruby and 
sapphire into one class which he named Ikl&sie, from rt'Xctov, perfect, but he re- 
garded* smirgel as fer oxyde quarlziftre, and corundum as un substance terreux. 
S. A. Papavasiliou described the deposits at Naxos. T. Bergman analyzed sapphire 
and found A1 2 0 3 , 58 ; Si0 2 , 35 ; CaO, 5 ; Fe 2 0 3 , 2 ; It. Chenevix also reported 
5-7 per cent, of silica in sapphire, ruby, and corundum. M. H. Klaproth supposed 
that in addition to alumina, corundum and sapphire contained a new earth ; 
S. Tennant showed that emery from Naxos is largely composed of alumina, and 
H. Rose stated that any silica found in the analysis of corundum is derived from 
the agate mortar used in the grinding. Numerous analyses have been made by 
J. L. Smith, K. Pfeil, A. Terreil, and others. The following are by J. L. Smith ; 


Sapphire, India 
Ruby, IndiA 
Corundum, India 
Corundum, Nicaria 
Emery, Naxoe 
Emery, Samos 


AI.O, 

F®,0 4 

* CaO 

BlOj 

HjO 

97-51 

1-89 

— 

0-80 

— 

97-32 

109 

— 

1*21 

— 

9312 

0-91 

1*02 

0-96 

2-86 

87-52 

7-50 

0-82 

2*01 

0-68 

68-53 

24-10 

0-80 

3*10 

4-72 

7010 

22-21 

0-62 

400 

2J0 


The best rubies are found in clays and river sands at Mogok in Upper Burma ; 
a less important locality occurs in the Sagyin Hills, Mandalay, also in Upper Burma. 
First-class rubies occur in the Capelan Mountains near Syrian (Pegu A vs). Loss 
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valued rubies are found in the provinces of Ghantabun and Krat in Siam , at Riliu 
and Merowitz (Bohemia), and in the sand of the River Expailly (Auvergne). There 
are ruby mines in Badakshan on the Upper Oxus ; and in Ceylon. The American 
localities are Newton (New Jersey), Lownes County (Georgia), Macon County 
(North Carolina), etc. Blue and star sapphires are brought from Ceylon; they 
have uIho been found near Simla Pass (Himalaya Mountains). The deposits of 
green and yellowsapphires in Central Queensland have been described by B.Dunstan. 
T. H. Holland has described the corundum deposits of India; J. Morozewicz, 
Russia ; F. Zirkel, Austria ; G. A. F. Molengraaf, South Africa ; J. H. Pratt, 
United States; A. Lacroix, France; M. F. Heddlc, Scotland; J. W. Retgers, 
Holland ; etc. The emery deposits of Asia Minor and of the Grecian Archipelago 
have been described by J. L Smith and A. Hanig, and those in the United States, 
by J. II. Pratt. 

Bluish crystals occurring in some meteorites — F. Wohler, E. Cohen, and 
E. Weinschenk are thought to be crystallized alumina or corundum. It was 
supposed by A. A. Julien, T. M. Chatard, etc., that corundum was not primarily a 
pyrogenic mineral, and its presence in igneous rocks was attributed to accidental 
inclusions. The work of J. Morozewicz, and A. Lagorio has shown that corundum 
is of igneous origin, for it and spinel are among the first minerals to separate from 
soln. of alumina in molten basic glasses. They conclude : 

( l) When flic magma ia a calcium-sodium-potassium silicate, alumina held in soln. 
by such a magma will separate out as corundum, except when the ratio of the alumina to 
the other bases m more than 1 : 1 and the ratio of the silica is less than six. (2) if magnesia 
and iron are present in tho magma thus composed, corimdum will not form unleas there is 
more than enough alumina to unite with the magnesia and iron. (3) When tho magma is 
composed of a magnesium silicate without excess of magnesia, all tho alumina held by such 
a magma will separato out as corundum. (4) Where there is an excess of magnesia in the 
magma just described, this excess will unite with a portion of the alumina to form 
spinel, and the rent of tho alumina will separate out as corundum, (o) Where there 
is chromic oxide present in a magma composed essentially of a magnesium silicate (as tho 
peridotite rocks) and only a very little alumina and magnesia are present, these, uniting, 
separate out with chromic oxide to form the mineral chromite, and no corundum or spinel 
is formed. (()) When peridotite magmas contain, besides the alumina, oxides of the 
alkalies and alkuli earths, as soda, potash, and lime, a portion of the alumina is used in 
uniting with these oxides and silica to form feldspar. (7) There is a strong tendency for 
tho alumina to unite with the alkali and alkali-earth oxides to form double silicates like 
feldspars, whether such silicates form the chief minerals of the resulting rock or are present 
only in relatively small amount. There is, however, but little tendency for the alumina to 
unite with magnesia to form double silicates when the magma is a magnesium silicate. 


In addition to colloidal alumina,- there are three possible hydrated forms of 
this oxide : 


,AUO 

'Al- 


Al (OH)* 


Corundum-' Dins pore* 

Al a 0 3 Ai/yont, 


0< 


Al - (OH) 
Al-(OH) 


a 

2 


Bauxite- 

A1jO(OH) 4 


AI (OH) s 

Ulblwite- 

A1(01I) 3 


Clays, idealized by the formula AloO3.2SiO2.2H2O. and nontronite idealized by 
Fe2O3.2SiO2.2H2O, may be regarded as the end-products of the weathering of 
felspathic rocks in the temperate climes, but in tropical and subtropical countries 
the process is said to extend further ; the aluminosilicates are more completely 
decomposed, for aluminium and ferric hydroxides appear to be the end-products. 
It is not clear how the relatively small difference of temp, between temperate and 
tropical climes can produce such a difference in the decomposition products in 
aluminosilicate rocks. The deposits of red earths and soils, called by F. Buchanan 
( 1807 ) latmtes — from later , a brick or tile — found in India, Hawaiian Islands, 
Rhodesia, French Guinea, West Australia, Mozambique, etc., are mixtures of clay, 
silica, hydrated ferric and aluminium oxides, etc. Like clays ( q.v .) they may be 
found in' situ, or they may have been transported by streams of water, and 
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deposited elsewhere. During the leaching, the laterite may have been freed from 
certain extraneous matters, and contaminated with others. Analyses of laterite* 
have been reconstructed to show that when an allowance has been made for the 
accompanying quartz, and clay, the contained water agrees with the assumption 
that the residue is of the bauxite type mixed possibly with some gibbsite, diaspore, 
and limonite. As emphasized by 0. 0. Swanson, there is no sharp line of demar- 
cation between bauxite and laterite ; and he regards them as a peculiar type of 
clay. A. Luz, after reviewing the evidence on the formation of laterites, concluded 
that the different stages in the weathering of the basic aluminosdicates are : 
(i) the formation of colloidal aluminium silicate ; (ii) colloidal alumina and silica ; 
(iii) crystalline hydrargillite ; and (iv) crystalline diaspore. 

According to E. Dittler and C. Doelter, commercial bauxites are to be regarded 
as rocks since they are compounded of various minerals - diaspore, gibbsite, and 
the amorphous aluminium hydroxide bauxite, together with intermixed limonite, 
haematite, and clay. Such mixtures have been named diasporite, gibhsidte, or 
bauxitite, according to the predominance of one or other of these constituent 
minerals. The two former are referred to as crystalloidal alumolites , and the 
latter as colloidal alumolilcs. 

The weathering theory of the formation of bauxite is employed to explain 
deposits in Germany, 3 Hungary, 4 Spain, 5 British Guiana, 0 at Auvergne (France), 7 
Ireland, 8 Arkansas, 9 South Africa, 10 etc. The deposits in Auvergne are derived 
from gneiss rocks ; those in Hesse, Ireland, and Australia from basaltic rocks ; 
and those in Arkansas from syenitic rocks. The French bauxites are associated 
with cretaceous rocks, and they have been regarded as deposits from hot walers 
carrying alumina in soln. 11 The Georgia-Alabama bauxite field 12 is also assumed 
to have been deposited from lagoons. 

In 1821, P. Berthier 13 analyzed alumine hydratee dcs Beaux, near Arles, Depart- 
ment Bouches-du-Rhone, and found A1»0 ;J , f)2 - 0 ; Fc 2 0 3 , 27 6 ; H 2 0, 20*4 per cent, 
and a trace of chromic oxide. A. P. Dufrenoy named this product bcauxitc and classed 
it with gibbsite, although he recognized that the composition of the two substances 
is very different. H. St. (\ Deville called it bauxite. J. F. L, Hausmann regarded 
it as a mixture of hydrated alumina and ferric oxide, and represented its com- 
position by A1 2 0;}.2H 2 0, intermediate between gibbsite and diaspore. A. Flechner 
named the deposit at Wochein (Styria), icochritnle : and C. Adam, the deposit 
at Cliacho (Dalmatia), eliachile — vide infra, colloidal aluminium hydroxides. 
Bauxite is a mixture of hydrated aluminium oxides in which the molar ratio 
A1 2 0 3 : H 2 0 varies from 1:1 to 1 : 3. The old standard formula A10(0H)4 
thus belongs to an idealized compound. Tin* colour varies from white to pale 
cream or red and dark brown ; hence ferruginous bauxites are red-coloured, and 
non-ferruginous bauxites are white or cream-coloured. Bauxite usually has a 
concretionary structure, and the size of the concretions distinguishes between 
pebble ore , and pisohtic ore -irurov, a pea, and oolitic ore - owe, an egg. The amorphous 
ore has scarcely any trace of the concretionary structure, and it may be soft and 
friable, or hard and compact. 

The bauxite produced in tho Untied Kingdom comes from Ireland, where it is foimd 
associated with the pisolitic iron ores and laterites at Clcgnagh, Essatholam, Tuftarney, 
Glenarm, Irish Hill, Straid, etc., in County Antrim. There is also a deposit at Killygreen, 
County Londonderry. The deposits have been described by G. A. J. Cole, E. Hull, and 
G. H. Kinahan. The bauxite lies next to the upper basalt unless, as is sometimes tho case, 
a layer of lignite intervenes. The stratum of bauxite generally merges into iron ore running 
30-60 per cent. Fe 4 O s . The upper part of the iron ore contains small nodules of iron oxide 
the size of peas. These gradually diminish in size as the stratum merges into bauxite 
clay. The bauxite varies in thickness from 2 ins. up to 2 ft. ; under the bauxite is a layer 
of bole 2 ft. to 10 ft. thick; this is followed by a stratum of slate -coloured clay called litho- 
marge, 20 ft. to 30 ft. thick. The lithomarge contains Si0 2 , 40 75 ; A1 2 0«, 29*88 ; FejOg, 
6*61 ; HoO, 0 48 per cent. There are intrusive dykes hero and there. Bauxite mining 
began in Ireland in 1871. The alumina in Irish bauxite is almost all soluble in sulphuric 
acid, while about 8 per cent, of the alumina in French bauxite jp insoluble. The dark 
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bluish variety of bauxite has usually the highest proportion of alumina. The dned and 
ground bauxite from Irish Hill had the following percentage composition : 

AI.O, Ff.O, H,0 910, TIO, CaO MgO 

1st aimlitv ■ 6.1-83 167 29 27 8 67 5 80 0 62 0-13 

2nVn « fv ' . 52 00 4-67 24-00 12 00 6 20 0-79 0-20 

3rd quality . . 4613 15 14 23-39 10-40 4-21 0-18 0-26 

With K.O mpectively 001, 0 02, and 0-04; Na .0, 0-00, 0 02, 0 04; H, SO,, 0-07, 0-07, 
and 010 ; mere traces of phosphoric oxide, and hygroscopic moisture lost at 100 , 7*50, 

0 90, and 0 85. f , 

In France, there is a band lying almost parallel with the Mediterranean m the depart- 
ments of Hiruult, Bouches-du-Rhfine, Var, and Alpes-Maritimes. The bauxite from 
Villeveyrac (Herault) is white and contains a high proportion of alumina with but little 
iron and silica. It is used in the manufacture of aluminium salts. The red-banded bauxite 
of Baux (Arles) contains about 00 per cent, of alumina. It is used in the manufacture of 
aluminium. The dark red bauxite of Thoronet and Luc (Var) has a splintery or eonchoidal 
fracture. Valuable deposits of bauxite occur in Italy near Abruzzi and Tamnium. 
F. Komer-Marilaun studied the bauxite deposits of the East Adriatic. In Jugo-Slavia, 
bauxito occurs in Dalmatia, Rammlajano, Blaca, Konjsko, and Kalun. In Rumania , there 
are deposits in the Bihar Mountains, and at Fata Oarza. A siliceous bauxite has been 
reported from Catalonia in Spain. A deposit of high-grade bauxite has been found on 
Mount Kjuanoma on the Gold Coast. Many laterite deposits in India were highly aluminous. 
The richest deposits are in the Baihir plateau, and near Katni in the Central Provinces. 
Bauxite also occurs near Chota Nagpur, Sarguja, Bihar and Orissa ; in Bhopal and 
Kewah, Contral India ; Satara, Bombay ; and in the Madras Presidency. Deposits have 
boon found in Australia — various parts of Queensland, and New South Wales ; in Yanka- 
billa, South Australia ; and on the Darling Range and Eastern Goldfield of West Australia. 
The chief occurrences in the United States are in Arkansas, Georgia, Alabama, and Tennessee 
— perhaps 80 per cent, of the output being obtained from mines in Arkansas. Deposits 
occur in Dutch Guiana, French Guiana , and British Guiana. 

Numerous analyses of bauxites have been reported. 14 A selection is shown in 
Table V. According to E. Laur, the average alumina in thousands of shipments 

Tadi.e V. Analyses ok Bauxites. 
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l 0-38 
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CaO 

MgO 

0-80 
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0-58 

0-25 

8-24 

- 

0-73 


0-3 

— 
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of French bauxites was 06 69 per cent. ; the sum of the three variables, water, silica, 
and ferric oxides, approximated to 27 percent.; and the accessorysubstances averaged 
3 to 4 per oent. A. Cobenzl, and M. Ragg attributed the blue colour to the presence 
of colloidal ferrous oxide. Titanium is almost invariably present, and when not 
reported, it may be assumed that the amount has not been determined ; its amount 
ranges usually from 1 to 10 per cent., although higher proportions are sometimes 
found. According to T. L. Watson, the amount of titanium is usually highest in 
the pisolitio ores and lowest in structureless bauxite. A. von Liebrich, and J. Lang 
state that it occurs as free titanic oxide, or ferric titanic oxide. Silica is always 
present ii\ bauxites in amounts varying from one to several per cent. ; it is probably 
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present as clay and quartz. H. Arsandaux said that the silica in bauxite is more 
often present as clay than as quartz ; and, in agreement with P. Berthier, the iron 
is present as oxide rather than as hydroxide. The low-grade bauxites with, say, 
30 to 35 per cent, silica may be usually regarded as bauxitic clays. It may be 
added that a series of natural products can be obtained passing by insensible 
gradations from corundum through bauxites, laterites, clays, arenaceous clays, on to 
silica ; or from corundum, through the ferruginous clays, on to haematite. J). C. Wysor 
has discussed the nature of the bauxitic or diaspore clays of Missouri and Arkansas. 
Common impurities, not always reported in analyses because usually present in 
but small proportions, are compounds of calcium, magnesium, potassium, and 
sodium — phosphates, sulphates, and carbonates. H. St. C. Deville found minute 
quantities of vanadium to be contained in some samples of bauxite. There are also 
present traces of molybdenum, tungsten, etc., not separated from the alumina by the 
usual precipitating agents. R. L. y Gamboa found gallium in bauxite. 

A. Lacroix said that under the microscope, bauxite is absolument coUoides; and 
F. Cornu has described the gel characteristics of die isotropen Subxtanzes des Bauxites. 
H. Stremme discussed the colloidal nature of many of the aluminosilicates. 
F. Slavik gave 1*60-1 *61 for the refractive index of bauxite. E. Ldwcnstcin measured 
the vap. press, of bauxites. 

R. S. Bayor obtained a residual soln. after removing all the known olements, and reported 
that it contained a new element which ho named bauxiutn. The soln. on spectroscopic 
examination was later shown to contain a mixture of the elements just named along with 
traces of lead, copper, bismuth, etc. A mixturo of ammonium vanadate and tungstate 
gives all the reactions which R. S. Bayer thought to be characteristic of bauxium. 
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§ 9. Aluminium Oxides 

J. E. Ashby 1 reported that when alumina is heated red-hot, and quenched in 
alcohol, it becomes black ; and claimed that the black colour is not due to carbon from 
the decomposition of the alcohol because it also appears when the alumina is quenched 
in cone. aq. ammonia. He suggested the black colour is due to the formation of a sub- 
oxide. The object of H. St. 0. Deville in working on aluminium was to prepare alumin- 
ium SUboxide, A10, analogous to ferrous oxide, FeO. lie tried to make the sub- 
chloride, AlCl 2 ,by passing the vapour of the trichloride, AH T } , over the metallic powder 
formed by reducing alumina with potassium. He obtained line globules of aluminium 
embedded in a mass of potassium aluminium chloride, AlUlj.KGl, but no subchloride. 
His attention was thence diverted to the metal, and he did not make any further 
experiments on the suboxide. No aluminium suboxide has yet been unequivocally 
demonstrated as a chemical individual. (5. A. Kenngott said that if calcined and 
powdered diaspore, corundum, or artificial alumina be moistened with water, and 
heated in a reducing flame, a suboxide is produced ; and E. Beetz said that in the 
electrolysis of soln. of sodium chloride with aluminium electrodes, the cathode 
becomes covered with a black layer of what he regarded as aluminium -suboxide, 
analogous to magnesium suboxide obtained under similar conditions. A. Duboin 
stated that by igniting an intimate mixture of a mol of alumina with four gram- 
atoms of aluminium at one point, the whole mass becomes incandescent, and 
aluminium suboxide, A10, isjformed. K. Kohn-Abrest claimed to have made a 
pearl-grey powder by heating aluminium in air to UKX) U for about an hour ; he 
said that the product is homogeneous, and gives hydrogen when treated with hydro- 
chloric acid ; analyses correspond with A1 4 0 3 or ALO. J. Pionchon claimed to have 
made a suboxide, Al c 0 7 ,or 3AL0 j.A 1 2 0, by heating aluminium in the oxy-hydrogen 
blowpipe flame fed with comparatively little oxygen. The grey powder remaining 
after the brilliant combustion, dissolves partially in hydrochloric acid evolving 
hydrogen, and leaving a residue of alumina. These experiments agree with the 
assumption that the grey powder is a mixture of alumina and finely divided 
aluminium. According to U. Winkler, a mol of alumina mixed with a gram-atom of 
magnesium and heated in a current of hydrogen gave a black powder which was 
assumed to be a mixture of 40 per cent, of the suboxide, A10, with undecomposed 
alumina, and magnesia. 

According to E. Grobet, 2 on adding sodium hydroxide to dil. soln. of aluminium 
nitrate, insoluble aluminium hydroxide, and soluble sodium metaluminate, and 
sodium ortho-aluminate are successively formed. When dil. soln. of aluminium 
sulphate or chloride or potash alum are used, aluminium hydroxide, basic sodium 
aluminate, Al(0Na) 3 . A1(0I1) 3 , and sodium ortho-aluminate are formed successively. 
Cone. soln. of aluminium chloride, nitrate, or sulphate produce under the same 
treatment a basic salt of the type, A1X 3 .A1(0H) 3 , which is followed by the hydroxide, 
metaluminate, and ortho-aluminate. Gone. soln. of potash alum yield a basic salt, 
A1 2 (S0 4 ) 3 .2A1(0H) 3 , aluminium hydroxide, a basic aluminate, Al(()Na) 3 , Al(011) 3 , 
and the ortho-aluminate. In preparing hydrated alumina, A1 2 0 3 .7?H 2 0, an alkali 
hydroxide is added to a soln. of an aluminium salt ; or, preferably, aq. ammonia is 
used because the precipitate is insoluble in an excess, and it introduces no non- 
volatile constituent into the system. The slimy mass is difficult to wash. To 
facilitate the washing, it is best to conduct the precipitation with boiling soln. and 
wash the hot precipitate with a hot soln. of ammonium nitrate or chloride. The 
ignition of the washed precipitate furnishes alumina. 

According to J. J. Berzelius, and C. F. Bucholz, if ammonia be added to a soln. of alum 
a basic sulphate will be formed. H. Kramer said not jf the alum soln. be added to the 
ammonia ; but G. C. Wittstein and 8. von Thielau still found the precipitate contained 
sulphates. J. J. Berzelius precipitated a hot soln. of alum free from iron, wkh alkali 
carbonate, digested the precipitate with the mother liquid to decompose what he regarded 
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as a basic sulphate, washed it thoroughly with water ; dissolved it in hydrochloric acid ; 
re-precipitated with ammonia, and ignited. J. von Liebig treated a soln. of alum with 
barium chloride, evaporated the filtrate to dryness, and washed the chlorides of barium and 
potassium from the ignited product by means of water acidulated with hydrochloric acid. 
0. Ekraann and 0. Petteraori added barium chloride to a soln. of potash alum, and pre- 
cipitated the hydroxide by adding ammonia to the filtrate ; the washed precipitate was 
dissolved in hydrochloric acid and again precipitated with ammonia. After a third treat- 
ment they found, the precipitate to be quite free from alkali. 

These processes are not sufficiently economical to be worked on a large scale. 
One of the easiest methods of making alumina is that recommended by J. L. Gay 
Lussac, namely, to ignite at a red heat ammonia-alum which has been dehydrated 
and partially decomposed at a low temp. A little sulphuric acid still remains with 
the alumina. C. Brunner showed that, if necessary, this can be lemoved by moisten- 
ing the mass with a soln. of sodium carbonate, drying and again igniting. When 
the product is washed with water, the sulphuric acid is removed as sodium sulphate. 
The alumina is now contaminated with a little sodium hydroxide which cannot be 
removed by washing. Jf potash-alum be ignited, most of the potassium sulphate is 
washed out before the last ignition. F. Wohler recommended igniting a mixture of 
aluminium sulphate with 20 per cent, of sodium carbonate, and afterwards washing 
the sodium sulphate from the alumina. M. Buchner has suggested several methods 
of making granular hydrated alumina. 

The preparation of alumina from bauxite or aluminous earths. The bauxite 
used in the preparation of aluminium must be freed from the contained silica, titanic 
oxide, and ferric oxide, if the aluminium is to be obtained of the required degree of 
purity. The Irish bauxite containing on the average : AI 2 O 3 , 56 ; Fe 2 0 3 . 3 ; 
Si 0 2 ,12 ; Ti 0 2 , 3; water,, 26 per cent., has been employed for this purpose; bur, 
according to F. K. Low, it is considered uneconomical to work bauxite with over 
about 3 per cent, of silica. The French bauxite may have up to 75 per cent, 
alumina. The process of purification involves two main operations : (i) the pre- 
paration of sodium uluminatc and the soln. of this salt to separate it from the 
ferric oxide ; and (ii) the precipitation of hydrated alumina from this soln. At 
Salindres, where H. St. C. Deville's aluminium process was employed, alumina was 
obtained from bauxite by L. lc Chateliers process. 

An intimate mixture of powdered bauxite and 39 per cent, sodium carbonate, is 
hoflted in a reverberatory furnace ; when the reaction is completed, the sodium aluminate 
ia iooohed from the insoluble ferric oxido with a dil. soln. of aluminate from the preceding 
charge. Tho cone, liquor is treated with carbon dioxide to precipitate the alumina. The 
furnace charge is again washod witli water, and the dil. soln. is employed for leaching the 
next charge. The liquor ia agitated while it is being treated with carbon dioxide; the 
precipitation occupies about 6 b hrs. The soln. of sodium carbonate is decanted from the 
alumma. and evaporated to furnish most of the alkali carbonate required for the next charge 
of bauxite. Tho moist alumina is treated in a centrifugal washer to remove the adherent 
sodium carbonate, washed with water, andagain centrifuged. The product contains 47*6 per 
cent, of alumina, 50 0 per cent, of water, and 2’5 por cent, of sodium carbonate. 

According to G. and F. Lowig, a sola, of alkali aluminate can be precipitated with 
hydroxide of calcium, strontium, barium, or magnesium, forming the alkali hydroxide 
and a mixed precipitate of hydrated alumina and lime, strontia, baryta, or magnesia. 
The precipitate is washed by decantation and divided into two portions— one is 
dissolved in hydrochloric acid, and the other made into a mush with water. The 
latter is gradually added to the former until very little alumina remains in soln. 
Hydrated alumina is thus precipitated, and the chloride of the alkaline earths or 
magnesia passes into soln. 

Instead of precipitating the alumina from the aq. soln. of sodium aluminate by 
treatment with carbon dioxide, in C. J. Bayer’s process 3 the hydrated alumina is 
precipitated by adding hydrated alumina itself. In 1833, P. A. von Bonsdorff 
showed that a sat. soln. of gelatinous aluminium hydroxide in potash-lye, slowly 
deposits crystals of gibbsite, when kept in a closed vessel for some days. A. Mitscher- 
lich, andL. P4au de£t. Gilies showed that aluminium hydroxide becomes sparingly 
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soluble in acicfc when it has been allowed to stand foi some time ; and M. Berthelot 
attributed this to uwe condensation moleoulaire de Valumine. The hydrated alumina 
precipitated in 0. J. Bayer’s process is in the crystalline form, and C. J. Bayer, and 
A. Ditfce assumed that two varieties of hydrated alumina are involved — the gelatinous 
and the crystalline ; and that the crystalline form is far less soluble than the 
gelatinous. A soln. sat. with the gelatinous hydroxide must therefore be super- 
saturated with respect to the crystalline form ; consequently, if the soln. of the 
gelatinous hydrate be seeded with the crystalline hydrate, precipitation will occur. 
F. Russ has adopted a similar explanation ; he called the more soluble and less 
stable form the a-hydrate, and the crystalline, less soluble and more stable form 
the |3-hydrate. The precipitation of the latter from a soln. of the former depends 
on the rate of transformation of the a- to the /3-hydrate ; and this is favoured by 
hydroxyl ions. F. Russ measured the solubility of the /3-hydrate (mols AL0 3 ) in 
soln. of sodium hydroxide of different cone, (mols Na.,0 per 1(X) mols of 11 2 0), at 
19°, as shown in Fig. 47. There is a rapid increase in solubility with increasing cone, 
of alkali for soln. with over 5'2 mols Na^O per 1(X) mols of water. He also found 
the times at which precipitation occurred with soln. of the gelatinous a-hydrate in 
Boda-lye of different cone., between 19°~22 0 : 

Sp.gr. of lye . 1 013 1 063 Mil M73 1*240 1*304 1-391 1*530 1*570 

Time (days) .6^43 1 1 2 0 38 

Small colloidal Large Small 

Crystalline 

.In the second and third cases the precipitate became crystalline in about 10 days. 
After allowing the mixtures to stand 22 weeks, at about 20°, the amounts of hydrated 
alumina precipitated from soln. of different cone, are indicated in Fig. 48. The 
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Fiu. 47.— Solubility of Alumina in Solutions Fio. 48. - Precipitation of Alumina from 
of Sodium Hydroxide. Solution in Sodium Hydroxide. 

/3-curve is the reciprocal of the solubility curve ; the a-curve is not so easily inter- 
preted because of the transformation of a certain proportion of the a- into the 
/3-hydrate. The curve also shows that the maximum precipitation occurs with soln, 
of sp. gr. approximately 1*2. 

J. Sutherland has described the process employed at Larno Harbour. The bauxite is 
ground, calcined, and then agitated under press, with a cone. soln. of sodium hydroxide— 
sp. gr. 1*46. Sodium aluminate passes into soln., while. the ferric oxide, silica, and titanic 
oxide remain undissolved. The soln. is diluted to a sp. gr. 1-23, and passed through filter 
presses, and then through wood-pulp supported on Jth in. mesh sieves. The liquor is then 
ready for the precipitation. This is effected by agitating the liquor in tanks for about 36 
hrs. with some of the aluminium hydrate from the preceding charge. The precipitation 
continues until the molar ratio Al 2 0 3 : Na 2 0 is about 1:6. In practice about 70 per cent, 
of the alumina in the soln. of sodium aluminate is precipitated. The mixture is allowed to 
settle for a short time, the clear liquor is nm into weak liquor tanks, and the slurry of 
hydrated alumina is pumped into filter presses where the alumina is washed, dried, and 
calcined to about 1100*. Enough hydrated alumina is left in the precipitation tank to 
begin the decomposition of the next charge. The liquor is then cone, by evaporation up 
to a sp. gr. 1*45 and used for extracting alumin^ from the next charge of bauxite. 
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C. M. Hall proposed to extract the alumina from bauxite by heating the powdered 
mineral with a sola, of calcium hydroxide and sodium carbonate or hydroxide under 
high press. He claimed that calcium phosphate, carbonate, and silicate remain 
undissolved while sodium aluminate passes into soln. The hydrated alumina is 
then precipitated in the usual way. F. R. Lowe described the extraction of 
alumina by this process. The Chemische Fabrik Greisheim-Elektron found that 
there is no need to work at a high press, if a temp, of 180°-200° be employed 
with potash-lye, or 350 o ~5(X)° with soda-lye. F. Curtius, and F. Kunheim have 
suggested modifications of the process for obtaining a soln. of sodium aluminate from 
bauxite. To separate alumina of a high degree of purity from the soln. obtained by 
treating bauxite with sodium hydroxide, J. A. Bradburn and J. D. Pennock proposed 
a kind of fractional precipitation of hydrated alumina with carbon dioxide or calcium 
hydroxide. K. Everhart agitated the disintegrated bauxite ore with a defloccu- 
lating agent, such as sodium hydroxide soln., until the clay matter is all in 
suspension ; granular bauxite remains. R. S. Sherwin leached a sintered mixture 
of bauxite or clay with lime and a sodium compound. Silica is precipitated when 
the soln. is heated under press. 

Fused sodium chloride does not react with bauxite, but if steam be present sodium 
aluminate is formed and hydrogen chloride evolved. This process was recom- 
mended by R. A. Tilghinann. 4 A proposal has been made by J. H. 0. Behnke to 
obtain alumina from bauxite by calcining a mixture of the mineral with sodium 
sulphate, carbon, and ferric oxide. According to F. Lnuer,it is advantageous to use a 
little sodium carbonate with the sulphate. The frit is leached with water when 
sodium aluminate and sulphate pass into soln. The hydrated alumina is precipitated 
in the usual way ; the insoluble residue has to be roasted and fused over again.- 
A1. Flatscli, K. Lieber, A. Clcmm, and D. A. Peniakoff have suggested modifica- 
tions of this process. K. Collett fused the bauxite with lime and a little sodium 
carbonate, treated the powdered product with a soln. of sodium hydroxide, and 
precipitated the alumina by carbon dioxide. R. von Wagner boiled bauxite in a 
soln. of sodium sulphate whereby hydrogen sulphide was evolved and a soln. of 
sodium aluminate formed. 

* According to H. 8. Hlackmore, phosphorus, selenium, and tellurium can ho removed 
from bauxite and other refruotory minerals by passing the vapour of carbon disulphido or 
hydrocarbons over the heated mineral. C. F. Claus prepared a soln. of alkali aluminate by 
making briquettes with a mixturo of bauxite or bauxito and hydrated alumina with sodium 
or potassium chloride ; heating the briquettes in a continuous chamber kiln to 400°-500° 
in a current of heated sulphur dioxido, steam, and air whereby sulphates are formed, 
ami hydrogen chloride evolved ; and reducing the sulphate to sulphide by heating with water 
gas, carbon monoxide, or hydrogen. The alkali sulphide then reacts with the aluminate, 
forming alkali aluminate and evolving hydrogen sulphide. Tho product is then leached 
with water. M. Hall claimed to preparo puro alumina from bauxite by heating in a 
carbon- lmetl electric furnace a mixture of buuxite, carbon, and aluminium powder. Tho 
proportion of the lattet is determined by the amount of ferric oxide, silica, and titanic 
oxiao in the bauxite, and jf the ferric oxide is low, some may be advantageously added. 
The reduced iron, silicon, and titanium form an alloy with tho small portion of aluminium 
added. The alloy collects at the bottom of the furnace. Tho alumina remaining is 
powdered, and the metallic particles removed by a magnet. 

Ill some cases, the bauxito has been digested with sulphuric acid and aluminium 
sulphate obtained from the solu. As R. Helmhaekor 6 showed, some ferric sulphate 
is also formed. F. Lauer treated the soln. with zinc plates to precipitate the iron ; 
J. W. and T. Chadwick and J. W. Kynaston used arsenious oxide ; J. J. Hood 
and A. G. Salomon used stannic acid ; 0. Fahlberg, lead dioxide ; J. W. Kynaston, 
manganese dioxide ; J. Beveridge used antimonic acid or potassium ferrocyanide ; 
C. V. Petraeus, and T. Robinson used sulphides of the alkalies or alkaline earths ; 
and J. L. Kessler used phosphoric acid. M. Ducla treated the mixed iron and 
aluminium sulphates with a mixture of milk of lime and calcium carbonate, and 
separated the precipitated alumina from the ferric oxide by dissolution in soda- 
lye. A. Wacker described an electrolytic process of purification of aluminium 
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salts. J. Morel treated bauxite with a mixture of sulphur dioxide, air, and steam 
below 800° so as to form the soluble sulphate, from which alumina was precipitated 
by sodium thiosulphate. A. Hurtur converted aluminium sulphate', into alumina 
by ignition in hydrogen. A. L. Pedemonte heated the bauxite in a reducing 
atm., separated the reduced iron by electromagnets, dissolved the product in acid, 
evaporated to remove silica, etc. 

Some native alum earths furnish a soln. of aluminium sulphate by simply leaching 
with water. Alunde—a basic potassium aluminium sulphate— is roasted between 
800°-900°, and the product treated with sulphuric acid. The cone! soln. furnishes 
crystals of alum. J. Blumenwitz has described the process in detail. H. F. Chappel 
heated the alunite at a temp, high enough to volatilize the potassium sulphate, and 
form alumina. According to A. Mitscherlich, alum shales are roasted at a low temp, 
and then exposed to the atm. The pyrites are oxidized and sulphuric acid is pro- 
duced, which forms aluminium sulphate. The latter is leached from the mass with 
dil. sulphuric acid- -vide infra, alum. The process has been discussed by P. Guyot, 
F. Trogler, M. Vinck, A. H. Seger, K. W. Jurisch, etc. J. Webster transformed 
alum to alumina by heating a mixture of alum and pitch to about 250° ; the product 
was mixed with dil. hydrochloric acid and made into briquettes with about 5 per 
cent, of carbon. The briquettes were heated in a current of steam and air ; when 
leached with water, potassium sulphate passes into soln., and alumina remains 
behind. F. Jourdain fused leucite with lime, and extracted the mass with water 
to get the alkali aluminate into soln. The alumina was precipitated with carbon 
dioxide. 

The preparation of alumina from cryolite. -J. Thomsen 6 worked up cryolite 
into alumina and sodium carbonate as indicated in connection with sodium carbonate 
— 2. 20, 28. According to F. Lauterborn, cryolite is decomposed into aluminium 
and sodium fluorides when boiled with water. II. Bauer boiled a mixture of cryolite 
and calcium carbonate with water: 2Na 8 AlF fl -|-3H20-f CCaC0 3 2Al(011) 3 -f-3C0 2 
-f 3Na.2C0 3 -f 60aF 2 ; the alkali carbonate and hydrated alumina form soluble 
sodium aluminate. H. St. C. Deville used a somewhat similar process at Javel. If 
steam be passed over molten cryolite at a red heat, (-. A. Dorenius found that 
hydrogen fluoride is evolved and sodium aluminate, mixed with some fluoride, is, 
formed. C. Pieper, and L. Grabau discussed the purification of soln. of aluminium 
fluoride. L. Schuch treated finely powdered cryolite with cone, soda-lye, and 
obtained sodium aluminate in soln., and sodium fluoride as a sediment. 
W. J. Williams, and L. Grognot discussed the conversion of the alumina in aluminium 
ironphosphate minerals into sodium aluminate. 

The preparation of alumina from clays and other aluminosilicates.- -A large 
field is open for the utilization of clay or other aluminosilicates, for the manufacture 
of aluminium. The cost of separating from alumina the dangerous impurity, silica, 
has prevented the many proposals from competing with bauxite as the cheapest raw 
material available. So important is bauxite to the aluminium industry that 
R. Sylvany 7 could say : “ Without the discovery of important bauxite fields the 
alum and aluminate industries would not have developed, and the aluminium 
industry would not exist/’ If cheap methods of desilicifying china clays should 
ever be discovered, it will appear as if the availability of supplies of bauxite 
accelerated the growth of the aluminium industry along the path of least resistance. 
Many of the suggestions which have been made involve the treatment of the 
aluminosilicate with sulphuric acid, or with some heavy metal sulphate, and the 
soln. of aluminium sulphate finally produced is crystallized from the soln. as alum. 
The processes generally have been discussed by A. and P. Buisine, J. Bronn, 
H. Debray, M. Feigensohn, etc. ; and by K. W. Jurisch in his Die' Fabrihdwn von 
schwefekaurer Thonerde (Berlin, 1894). 

L. Grabau treated the clay, as free as possible from iron compounds, with dil. hydro* 
fluoric acid, and obtained a soln. of aluminium fluoride — the silica is volatilized ag silicon 
tetrafluoride. H. Pemberton and J. Spiller have discussed a process in which felspar is 
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treated similarly with a mixture of sulphuric and hydrofluoric acids. A. Sobrero roasted 
the clay, free from iron and calcium compounds, mixed the powdered mass with cone, 
sulphuric acid, and heated it to about 70°, when aluminium sulphate was formed. This was 
extracted with water and tho soln. treated with potassium sulphate for alum ; P. Spence 
and co-workers added potassium chloride in place of the sulphate. H. Peterson used a modi- 
fication of tli(' process for lepidolite. F. Lauer roasted the material with iron pyrites to 
form sulphates which react with tho clay, forming aluminium sulphate. This mixture is 
leached with water when tho last-named salt passes into soln., and the basic iron sulphates 
arc left as slime. Tho sulphate in soln. is converted into alum. R. Hasenelever and 
W. 1/elbig, H. Tanaka and T. K. Shikenjo, M. Buchner, M. de Lammine, F. W. Howorth, 
F. Gruy, if, Miillor, M. Metcalf, A. Claude, W. H. Gossage, T. Richardson, etc., have 
described processes for extracting alumina from clay. When clay has been heated to 500®- 
it is more readily attacked by acids than the original clpy. J. Heibling made 
briquettes from a mixture of the clay with ammonium and potassium sulphates. After 
calcination at 270°-28O°, tho extract with water furnished alum. H. Miillor heated a 
mixture of tho day with powdered ealespar, dolomite, or magnesite along with alkali 
hydroxido or carbonate, or a mixture of alkali sulphate and carbon. When the sinterod 
mass is leached with water, a soln. of alkali aluminate and an insoluble alkaline earth silicate 
are formed. E, Fleischor, and F. Projahn used modifications of this process. L. Lossier 
fused the aluminosilicate with cryolite or fluorspar, and again with sodium chloride. The 
inass forms two layers — the upper one contains sodium chloride and aluminium fluoride, 
the lower one, sodium and calcium aluminosilicate. A. H. Cowles heated briquettes made 
from clay, sodium chloride, and charcoal in a stream of air and steam. The carbon keeps 
the mass porous and allows the gases readily to penetrate the mass. W. Gossage, and 
11. Griinobcrg and J. Vorster failed to utilize this reaction with tho charcoal omitted. A 
sodium aluminosilicate is formed, 2Na 2 0.2Si() z .Al 2 0 3 ; this is mixed with limo and heated 
in a rotary kiln: 2Nn 2 0.AI 2 () 3 .2Si0 2 4 4CaO — 2 Ca a Si 04 -f 2Na,0.Al 2 0 3 . The sodium 
aluminate is soluble in water, and tho calcium silicate can be usect in tho manufacture of 
hydraulic cement . In P. Miguet's process, day, lime, and scrap iron, with a reducing agent, 
are heated in the electric furnace, forming silica, calcium aluminate, and ferrosilicon : 
Alj(y28i<). 2H a O f Fed 40 f-Ca() - FeSi a -f 4CO -{- CnO. A1 2 0 3 + 2H a O. The lighter calcium 
aluminate floats on tho regulus, and is tapped off, cooled, crushed, and leached with a soln. 
of sodium carbonate whereby sodium aluminato and calcium carbonate are formed : 
0a0.Al 2 () 3 -|-Na 2 ('0 ;i - -OaCO a -f Na 2 0.Al»0 3 . Aluminium hydroxide is obtained from the 
soln. in the usual way. Tho ferrosilicon is a marketable by-product 0. K. Williams and 
C.E. Simms examined the process, but found that it is not profitable. S. D. Cheine heated a 
mixture of day, baryta, and scrap iron, and treated tho product in a similar way. 

G. Lovi, and E. Lnngguth, and M. Packard discussed tho treatment of louoito, sodalite, 
andnephdite, If these aluminosilicates be boated uuderapross. of 10- 20 atm. with a soln. of 
alkali hydroxides or carbonates, alkali illuminates are not formed, but tho alkali silicate 
passes into soln., and alumina remains. Tho Aktieselskabet Hciyangfaldeno Norsk 
Aluminium (V*., and 1) Tyrer heated to 1200* an intimate mixture of the aluminiferous 
material with lime and a little fluorspar as a flux. Tho cold mass was digosted with a 
10-15 |»er cent. soln. of sodium carbonate, and the alumina separated from tho hot filtered 
soln. in tho usual way. P. Askeuasy and V. Gerber proceeded similarly, but used a mixture 
of baryta and lime and sodium chloride as a flux. The Aluminium Co. extracted the 
alumina from silicates, etc., in which tho contained aluminium will form tho volatile chloride 
when the ore is heated with a suitable chloride. G. Bergen and W. Kiihne heated the clay 
with magnesium chloride, pyritio bituminous shale and iron filings, and collected the 
aluminium chloride which distilled off. A, L Mond extracted tho alumina with hydro- 
chloric acid, etc. ,T. D. Gate passed an electric current through a bath of sodium chloride at. 

1 100° -1200*, in which the aluminium ore say orthoclase — is immersed ; tho sodium which 
is formed partly reduces tho silicate, forming soluble silicates and illuminates. These are 
withdrawn and dissolved in water, Tho precipitated alumina and silica are separated by 
tho selective dissolution of the alumina in dil. soln. of sodium hydroxide. 

M. Amono and co-workers treated blast furnace slug with hydrochloric acid ; the soln. 
was diluted, and decanted from the precipitated silica : the alumina was precipitated with 
calcium carbonate and afterwards taken up with sulphuric acid. E. Raynaud heated 
aluminous material with sulphides of the alkalies or alkaline earths, or with a mixture of 
sulphate and carbon ; the alkali salts are extracted with water. U. Poinilio crystallized 
potassium chloride from tho hydrochloric acid soln. of leueite, and separated the alumina by 
electrolysis. 

A soln. of sodium aluminate is formed as a by-product in Serpek’s process (q.v.) 
for the fixation of nitrogen. Here, aluminium nitride is prepared by heating a 
mixture of bauxite and carbon to 15(X)°— 1800°, in a stream of producer gas con- 
sisting mainly of carbon monoxide and nitrogen. When the resulting product is 
treated with soda-lye, ammonia and sodium aluminate are formed. 

The formation of crystalline alumina (corundum),— Corundum crystals were 
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first prepared by M. A. Gaudin 8 in 1837 by heating to a very high temp, a previously 
calcined and powdered mixture of alum and potassium sulphate, or alumina and 
potassium sulphide, contained in a crucible lined with carbon. Since then, the 
crystals have been obtained in many ways. These have been described generally 
by F. iouque and A. Michel-Levy, L. Bourgeois, J. Morozewicz, S. Meunier, etc', 
J. Morozewicz classified the methods of synthesizing corundum, (i) Crystallization 
of molten alumina j (ii) crystallization from a molten flux j (iii) the decomposition 
of aluminosilicates at high temp. ; and (iv) the decomposition of aluminium salts 
at a high temp. 

(1) The preparation of corundum directly from alumina.-- M. A. Gaudin obtained 
spheres with crystal facets, by melting alumina in theoxy-hvdrogen blowpipe flame. 
E. S. Shepherd and G. A. Rankin 9 found that precipitated alumina acquired a 
crystalline structure by simple heating at about 200°. H. Moissan melted alumina in 
an electric furnace, and found, on cooling, that crystallization had taken place ; if the 
alumina be mixed with chromic oxide, crystals of ruby are formed. The by-product 
obtained in the reduction of chromic oxide by aluminium in the thermite process 
contains minute rubies. The crystals of artificial ruby were described by A. des 
Cloizeaux, G. Melczer, F. Rinne, 0. Miigge, J. Klaudy, etc. M. Buchner made the 
by-product into pottery. The mixture has the trade-name coruhin. The crystals 
of alumina are also sometimes found in electric furnaces used in the preparation of 
aluminium. G. Dollner obtained corundum by heating a mixture of aluminium and 
boric oxide or chromic oxide by the thermite reaction ; W. Hampe also obtained the 
crystals in preparing aluminium boride ; W. Gintl, by reducing bauxite with carbon 
in an electric furnace ; and J. W. Mallet, by reducing magnesia with aluminium at a 
high temp. A. Verneuil prepared artificial rubies in the form of spheroids having 
a diameter of 5 to 6 mm. and weighing 2’5 to 3 grins. (12 and 15 carats) by allowing 
a blowpipe flame, rich in hydrogen or carbon, to play on the extremity of a small 
cylinder of alumina, while a mixture of alumina and 2*5 per cent, of chromium 
oxide in the form of a powder is mechanically blown with the oxygen into the tube 
of the blowpipe, and thus deposited on the surface of the fused mass of alumina. 
The artificial stones thus obtained are identical in physical and crystallographical 
properties with the natural gems, from which, however, they can be detected by the 
presence of minute bubbles visible only under the microscope. A general view of the 
apparatus is illustrated in Fig. 49. The screw support, N, permits t he moving of the 
molten mass into the proper zone of the flame, when it becomes necessary to increase 
the press, of the oxygen in the blowpipe, etc. The raw materials, contained in a wire- 
cloth basket placed in the chamber, C, are sifted by the slight impacts of the hammer, 
B , upon the anvil, E, which forms the top of the basket ; and the powder, carried 
along in the central tube of the blowpipe, becomes distributed through the flame 
and undergoes fusion therein as soon as it reaches a support formed of a thin stick of 
alumina placed in the centre of the furnace, F. This powder, falling upon the 
alumina previously raised to a white heat, becomes agglomerated thereon, forming a 
cone, the point of which gradually rises until it reaches a zone of the flame hot 
enough to cause it to undergo fusion and form a filament. If, now, the press, of the 
oxygen be increased, this filament is converted at its apex into a sphere, the diameter 
of which it will gradually increase up to the extreme limits which with the heat of 
the blowpipe it is capable of reaching. Ias rubis reconstitute have been dismissed by 
H. Marour, I. H. Levin, E. Jannettaz, C. Doelter, 1. Friedliinder, II. von Lohr, 
H. Wild, R. IJottger, V. Merz, etc. A. Verneuil prepared sapphire blue crystals 
by a method similar to that employed for rubies, but with a mixture of alumina 
containing 1*5 per cent, of magnetic oxide of iron, and 0*5 per cent, of titanic 
oxide under reducing conditions in the oxy-hydrogen flame. 

P. Hautefeuille synthesized corundum by the action of moist hydrogen fluoride 
on alumina at a red heat ; and W. Bruhns heated alumina for 10 hrs. at 300° in a 
platinum tube with water containing a trace of ammonium fluoride, but at 250°, no 
crystaljization occurred. C. Friedel obtained corundum and Jiaspore by Seating 
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amorphous alumina with a soda-lye at 450°-500° ; at 530°-535° only corundum 
was formed ; and at 400°, only diaspore. J. Morris heated a mixture of alumina 
and carbon in a stream of carbon dioxide at a red heat. According to M. Houdard, 
by heating alumina with five times its weight of aluminium sulphide in the electric 
furnace, the crucible being suitably insulated to allow of slow cooling, a mass is 
obtained, which, on treatment with hydrochloric acid, leaves rhombohedral crystals 
of alumina. Attempts to produce coloured alumina crystals by means of chromium, 
under these conditions, were unsuccessful. 



Fia. 49. — A. Vemeuil’a Apparatus for the Synthesis of Rubies. 


(2) The preparation of corundum by the crystallization of alumina from molten fluxes. 
— M. A. Gaudin, as indicated above, heated alumina with potassium sulphate or 
sulphide ; P. Hautefeuille aud A. Perrey, alkali sulphide ; L. Eisner, and R. Bottger, 
potassium dichromate ; J. J. Ebelmen, borax (not boric acid) ; E. Fremy and 
C. Feil, lead oxide ; F. Parmentier, potassium molybdate ; S. Meunier, cryolite ; 
J. Moroeewica, and A. Brun, a mixture of alkali or alkaline earth oxide and silica — 
vide supra ; G. Medanich, potassium tungstate and calcium fluoride ; P. Haute- 
feuille and A. Perrey, molten napheline and leucite (not artificial potassium nephe- 
line). ^coording to 0. Honigschmid, the product obtained on igniting a mixture of 
borax, aluminium turnings, and sulphur consists of crystalline alumina (artificial 



ALUMINIUM 


261 


corundum), with much amorphous boron and crystalline aluminium boride. 
H. A. Richmond and R. MacDonald melted the alumina with iron to remove silica. 
The slowly-cooled product was used as an abrasive. 

(3) The preparation of corundum by the decomposition of aluminosilicate s . — 
S. Meunier, and A. Lacroix obtained crystals of alumina by heating a mixture of 
cryolite and a silicate in a platinum crucible ; F. Fouqu4 and A. Michel- L6vy, by heat - 
ing fluorspar and microcline ; and W. Vernadsky, by cooling molten potash mica. 

(4) The preparation of corundum by the decomposition of aluminium salts . — 
According to C. Doelter, crystals of alumina are formed auf nassem Wege by heating 
aluminium salts with alkali carbonate. H. de Senarmont, and C. R. C. Tichborne 
showed that when an aq’. soln. of an aluminium salt is heated in a sealed tube at 
350°, crystals of corundum are formed. E. Weinschenk prepared crystals of 
corundum, possibly accompanied by diaspore, by heating a soln. of aluminium 
sulphate with urea in a sealed tube at 180°--190°. A. Daubree obtained crystals of 
corundum by the action of the vapour of aluminium fluoride on red-hot lime ; 
II. St. C. Deville and H. Caron, by decomposing aluminium fluoride by boric oxide at 
a high temp. ; H. Debray, by the action of an excess of alkali sulphate on red-hot 
aluminium phosphate — L. Grandcau found that if the temp, does not exceed 1400°, 
a complex alkali aluminium phosphate is formed ; L. Schuch, by heating cryolite 
white hot in a current of steam ; J. W. Mallet, by heating aluminium with Bodium 
hydroxide in a carbon crucible ; and S. Meunier, by heating aluminium chloride with 
magnesium or zinc and steam, or aluminium chloride and Bteam in a porcelain tube. 
According to P. Hautefeuille, alumina is not changed by heating it in a stream of 
hydrogen chloride, but aluminium salts furnish crystals of alumina— the oxalate 
or hydrocarbonate at a dull red heat, and the sulphate at a higher temp. — if chromic 
oxide be present, rubies are formed. H. Loyer prepared crystals of ruby by heating 
a mixture of alkali aluminate and chromic oxide in a stream of chlorine : 4NaAl0 2 
-f2a 2 =2Al 2 0 3 d-4NaCl-f0 2 . 

V. Kohlschiitter 10 and co-workers prepared alumina, dispersed in a gaseous 
medium, by making the metal the electrode of an electric arc, and oxidizing the 
vapour. The resulting fume was precipitated by a high tension electric field. 
R. Bradfield discussed the washing of colloidal alumina by the centrifuge. 
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§ 10. The Properties of Aluminium Oxide 

According to G. A. Kenngott, 1 aluminium oxide lias no taste or smell. The colour 
is white or water-clear ; the blue, red, yellow, brown, grey, or more rarely, violet 
or green colours of different varieties of corundum <\<f. the sapphire, ruby, etc.- - 
are due to the presence of pigmentary oxides. 1\ von Jereinejeff - found corundum 
crystals with blue and red ends, or with a yellow middle ami blue ends. E. Frcmy 
showed that chromium oxide is probably the colouring agent in rubies by synthesizing 
the gem-stone from alumina and chromic oxide ; he also suggested that chromium 
oxide is tin* colouring agent in the sapphire, but in a different state of oxidation from 
what it is in the ruby. J. W. Retgers inclined to the belief that the colouring agent is 
probably a small quantity of hydrocarbon, and not an inorganic constituent at all*. 
J j. Wohler and K. von Kraatz- Kosclilau could find no chromic oxide in rubies or in 
sapphires, but it must be remembered that an exceedingly small amount of the oxide 
has high tinctorial powers, and that quite a scries of colours red, blue, yellow, and 
green can be obtained from chromium oxide ; it requires an oxidizing atm. to develop 
the red colour. The red colour of the ruby, heated under reducing conditions, may 
become green or appear colourless because of the low tinctorial powers of the green 
oxide. This explains the observations of V. Doelter, F. Rinne, and (». A. Kenngott, 
who noted that rubies sometimes became green or colourless when heated. ( \ Doelter 
found that some rubies could be heated white hot without change of colour. 
Whether or not the change occurs really depends on the nature of the atm. 
C. Doelter found that sapphires are decolorized at a white heat in air or oxygen, 
and he said that the colouring agent of sapphires is more likely to be organic than 
in the case of rubies. J. Morozewicz produced rose, yellow, greenish-yellow, red, 
or pale blue corundum by using iron oxide, and lie considered the colouring agent is 
more likely to be iron oxide than chromic oxide. G. Forch hammer found that 
Siberian corundum contained 145 per cent, of ferric oxide and 034 per cent, 
of phosphoric oxide, and he considered the colouring agent to be iron phosphate. 
H. St. 0. Deville and H. Caron obtained some blue patches in their experiments 
on the synthesis of rubies from alumina and chromic oxide, and they therefore 
inferred that the sapphire blue is produced by chromium in a lower state of oxidation 
than in rubies. In their experiments on bauxite, W. Gintl obtained blue patches of 
corundum which showed on analysis, Ti0 2 , 0 65 ; FeO, 0 79 ; MnO, 0 50 ; CaO, 
1*85 ; MgO, 0-35 ; Na 2 0, 2 07 ; Si0 2 , 12 28 ; and AI 2 0 3 , 81 88. A. J. MoiTcs found 



m 


INORGANIC AND THEORETICAL CHEMISTRY 


truces of ferric oxide and 01 per coot, of titanic oxide in artificial sapphires ,* and 
A. Vcrneuil found in sapphires from Australia, India, and Montana from 0*031 
to 0*058 per cent, of titanic oxide and 0*56 to U’92 per cent, of feme oxide. 
A. Verneuil’s syntheses of sapphires led him to believe that this coloration is pro- 
duced by iron and titanium oxides. W, Hermann s observations on the action of 
reducing and oxidizing gases on heated corundum led him to infer that iron oxides 
act as tinctorial agents. 

As indicated by V. F. Bucholz, and J. von Liebig, washed, precipitated alumina 
forms a light voluminous powder after ignition at a red heat. Fused alumina 
forms a white, hard, crystalline mass. The crystals of corundum belong to the 
trigonal system. According to G. Melczer, the axial ratios are a : c— 1 : 1*3652, 
and a 85" 43 J' ; W. P. Davey gave 1 : 2726. Observations on the crystals have 
been made by H. de Senarinont, A. des Cloizeaux, J. J. Ebelmen, L. Grandeau, 
0. Miigge, H. St. 0. Devillc and H. Caron, E. Fr<$my, A. Verneuil, J. H. Pratt, 
F. Rhine, etc. W. Crookes found that when snow-white alumina is exposed to 
the cathode rays, the amorphous powder acquires a pink colour, and is slowly 
crystallized. 

There is a considerable variation in the form of the crystals of corundum from 
different localities ; the prismatic, the flat, and the tabular forms are common ; 
pyramidal crystals are not so common. The small crystals are usually well developed 
with smooth faces and edges ; the larger crystals are often rough, striated, and 
tapering slightly towards the end like a barrel— hence the term barrel corundum. 
Penetration twins are not common. The most prominent twinning plane is parallel 
to the rhombohedron ; and a repetition of the twinning may form a series of plates 
or laminto in twin position. This gives a laminated or striated structure due to 
minute re-entrant and salient angles. W. E. Hidden observed crystals with a 
twinning plane parallel to the base. The fracture of corundum is irregular and 
conchoidul, and, as shown by J. L. Bournon, and J. W. Judd, certain specimens 
of corundum ami sapphires exhibit no sign of cleavage. What was once thought 
to be cleavage was found by 0. Miigge, M. Bauer, G. Tsckermak, J. W. Judd, 
A. Lasaulx, to be a parting produced by mechanical or chemical forces, or possibly by 
both acting together. Corundum with the parting planes is inferior as an abrasive 
lor cutting wheels, etc. The lustre of corundum is adamantine to vitreous ; and 
that of emery is submetallic. The lustre on the basal plane of corundum is some- 
times pearly. Corrosion figures in harmony with the trigonal system have been 
described by M. Bauer, R. Brauns, and G. Melczer. 


According to G. A. Rankin and H. E. Merwin, alumina occurs in two distinct 
forms : a-alumina is the ordinary crystalline variety represented by corundum ; 
and j8-alumina, which is formed in small quantities in hexagonal crystals often in 
groups of overlapping triangular plates when pure alumina is melted and slowly 
cooled. The presence of magnesia (say, 0*5 per cent.) assists the transformation 
of a- to /3-alumina, whereas the presence of lime or silica facilitates the formation 
of the a-variety. It has not been found possible to convert /3-alumina to a-alumina 
r,M by holding the former at temp, above or below the m.p., and 

it is therefore suspected that /3-alumina is monotropic with 
respect to a-alumina. 

F. Rhine, W. P. Davey and E. 0. Hoffman, C. Mauguin, and 
** J. A. Hedvall have studied the X-radiogr&ms of alumina. The 

Fio. 50. The Alu- lattice is a rhombohedron with hexagonal axes 4*86 A., and a 
in^the Crystal ver ^ Cft l 6*62 A. Thus, except for the difference in the axial 
Lattice. ratio, the structure is identical with that of calcite. F. Rinne’s 


illustration of the group A1 2 0 3 as a chemical molecule in the 
crystal molecule is shown in Fig. 50. According to L. H. Milligan, the X-radiogram 
of alumina, prepared by the calcination of the crystalline hydroxide at 325°, gives 
no trace of the original hydroxide structure ; and it is similar neither to diaspore 
which Is the crystalline monohydrato A1 2 0 8 .H 2 0, nor to corundum which is 
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crystalline, anhydrous A1 2 0 3 . It does, however, show a distinct set ol lines 
which are indicative of a crystalline condition. The absorption of water does 
not alter its structure, and none of the hydroxide is produced. Alumina, prepared 
by calcination at 600°, shows a faint pattern similar to the preceding sample, but 
the bulk of the material is probably amorphous. When calcination temp, some- 
what above 1000° are employed, the product gives the pattern of corundum 
faintly and still higher ignition temp, increase the intensity of this pattern until 
it equals that of pure corundum. J, Beckenkamp also studied the space-lattice 
of corundum. 

Reported values for the Specific gravity of alumina vary from the 3531 1 of 
M. J. Brisson 3 and the 3*562 by P. van Muscheubroek to the 41 52 at 1' of A. le 
Royer and J. B. A. Dumas. A. H. Church gave 3*979 to 4 03 at 15 5' ; L. Urandeau, 
3*98 at 14° ; and E. Madelung and R. Fuchs, 3*9804 ; F. G. Sehaffgotseh gave 
3 994 as a mean of nine determinations with the ruby ; and L. F. Nilson and 
O. Pettersson, 3*990 for the sapphire. J. J. Ebelinen gave 3*928 for the sp. gr. of 
crystalline alumina. The best representative value for the sp. gr. of crystalline 
alumina is 3*99. The sp. gr. of the amorphous alumina increases with the temp, 
of calcination ; thus J. W. Mellor and A. D. Holdcroft found that after heating 
precipitated alumina to 

coo 0 7oo° H(xe Duo 0 isioo u 

Sp. gr. at 15® . . . . 2-82 2*83 3'39 3-53 3 92 

H. Rose found the sp. gr. rose to 3 999 after ignition in a hard porcelain furnace, 
presumably about 1500°, and F. G. Sehaffgotseh, to 4*008 after ignition. The sp. gr. 
of ignited alumina is therefore the same as that of corundum or crystalline alumina. 
C. J. St. C. Deville found the sp. gr. of crystals of corundum fell from 4022 to 3 992 
after melting in the blast gas flame. The hardness of corundum is exceeded by that 
of the diamond. F. Auerbach found the mineral to be rather harder in the direction 
of its principal axis than it is in other directions. A. Reis and L. Zimmermann, 
T. A. Jaggar, J. L. Smith, W. H. Emerson, and A. Rosiwal, have made observations 
on this subject. M. Bauer found that the hardness varies with different specimens ; 
that of the sapphire is about 9 on Mohs’ scale ; and that of the ruby is 8*8 to 9 0. 
The hardness of emery is due to the contained corundum. The hardness is not the 
same as the abrasive efficiency ; thus two examples of corundum may have the same 
hardness so far as power of scratching or being scratched by other substances is 
concerned, and yet have a different cutting or abrasive efficiency. E. Madelung 
and R. Fuchs gave for the compressibility coeff., 0*38 x 10'® megabar per s<j. cm. 
According to F. Auerbach, the modulus o! elasticity of corundum is very high, 
being 2‘6 times that of steel, and exceeded only by that of iridium ; the observed 
values are : Iridium 52,500, corundum 52,000, and steel 21,000 kgrms. per sq. mm. 

According to H. Fizeau, 4 the coeff. of linear thermal expansion of blue Indian 
corundum is a— 00$619 at 40° when taken parallel to the chief axis, and 0*0 B 543 
when taken at right angles to that axis. Hence, the coeff. of cubical expansion is 
0‘0 4 1705. F. Pfaff gives 0 0 6 6765 for the coeff. of linear and 0*0 4 1995 for the 
coeff. of cubical expansion taken between 0° and 100°: B. Bogitsch measured the 
thermal expansion of bauxite bricks. F. E. Neumann gave 01942 for the specific 
heat of corundum; H. V. Regnault, 0 19762 for the sp. ht. of corundum between 
8° and 98°, and 0 21732 for that of Bapphire between 7° and 97° ; and J. Joly gave 
0*1981 for the pale blue, prismatic crystals between 12*6° and 100°. L. F. Nilson 
and 0. Pettereson gave 0 1827 for the sp. ht. of alumina, and 0 1879 for that of 
the sapphire. W. A. Tilden gave for the increase in the sp. ht. of alumina with 
rise of temp., 

15°-100° US-WS 15 J -315’ 15°-42(T 15*-510 # 

Sp. ht. . . . 0-2003 0-2195 0-2311 0 2400 0-2460 

According to H. von Wartenberg and G. Witzel, the molecular heat of alumina at 
230° is 10*8 cals. ; and at 1308°, 28 to 30 cals. E. Januetaz gave 0*9 f(A the ratio 
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of the thermal conductivity in the direction of the large and small axes. A. Weber 
gavfe 0*025 cal. per cm. per sec. per degree for the thermal conductivity of aluminium 
oxide. 

L. B. G. de Morveau 6 fused alumina to a white enamel in a flame fed with oxygen ; 
H, Davy fused it in the circuit of a voltaic battery ; and F. Stromeyer, R. Hare, 
M. A. Gaudi/i, and E. D. Clarke, in the oxy-hydrogen blowpipe flame. The last-named 
said that molten ruby solidified to a white opaque globule , and that corundum and 
alumina each formed a yellow transparent glass. H. Moissan said that the melting 
point of alumina in a carbon crucible is 2250°, and added that the liquid crystallizes 
on cooling. ('. W. Kanolt found that bauxite clay melted at 1795°; bauxite, 1820°; 
and purified alumina, 2010°; and later he gave 2050° for the m.p. of alumina. 
O. Ruff and co-workers gave 2010° ±10° for the m.p. of alumina. E. F. Northrup 
melted the oxide in a crucible of titanic or zirconium oxide. E. Tiede and 
E. Birnbrauor found that in a vacuum furnace, alumina melts at 1890°, and 
volatilization begins at 1750°. O. Ruff gave 2040° as the best representative 
value for the m.p. of alumina containing 0*3 per cent, sodium oxide which 
volatilized early ; 0*1 per cent, silica, and 0 05 per cent, of ferric oxide, and a trace 
of calcium oxide. For the vapour pressure in nun., 0. Ruff and P. Schmidt found 

1830° 1840° J930° 2018° 2070° 2J25 0 

Vup. proHH. . . .7 11 108 230 300 750 mm. 

According to i£. Moissan, alumina can be completely volatilized at 2250°, and if 
the volatilization takes place in a carbon tube some aluminium metal and carbide 
arc formed. W. R. Mott gave 34(H) 0 to 3700° for the boiling point of alumina, a 
number not consistent with O. Ruff and P. Schmidt’s vap. press, curve. 

J. J. Berzelius® showed that when a number of oxides --chromium, tantalum, 
rhodium, etc. - are heated to redness, some internal change occurs which is 
attended by the evolution of heat, and in some cases- e.#. zirconia- the mass 
becomes incandescent. H. le Chatelier found that the heating curve of alumina 
is dependent on the mode of preparation of the oxide. Thus, alumina precipitated 
from sodium aluminate furnishes a diminution corresponding with an endothermal 
change— decomposition of hydrates, etc.- below 360°, while alumina precipitated 
from an aluminium salt, and that prepared by the calcination of the nitrate show a 
hump in the curve corresponding with an exothermal reaction. These results were 
confirmed by J. W. Mellor and A. D. Holdcroft, 11. S. Houldsworth and J. W. Cobb, 
ete. 

If iv thermocouple bo placed in a mass of the uncaloined oxide in a crucible being heated 
in a furnace on n rapidly rising temp, so that tho temp, is recorded every half-minute, a curve 
resembling that shown diagrammatic 'ally in Fig. 51 is obtained. 
Tho dotted lino shows the course which would bo followed by 
the curve if the oxide suffered no molecular change. The 
temp, of the oxide rushes beyond that of the crucible, and 
it then cools down until it coincides with the rising temp, 
of the crucible. Tho phenomenon can be called caloresoenoe 
color, heat, 

4 

Before this change has occurred, alumina is very hygro- 
scopic, but is not so after the caloresccncc is completed ; 
the sp. gr. increases v<*ry much during the change ; 
and the solubility in acids decreases in a marked degree. 
J. J. Berzelius found that gadolinite behaves similarly, 
anti K. A. Hofmann and F. Zerban observed that the 
caloreseence or glowing of this mineral occurs at a 
P. Scheerer observed a similar change with allanite. and 
he studied the action with gadolinite in some detail. He found that, the vol. before 
and after calcination are as 1 ; 0*943. He attributed this to an inter-molecular 
change involving a change in the relative positions of the molecules and a decrease 
[>f the inter-molecular distances. This he illustrates by assuming that the spherical 



Fio. 51. - Portion of Heat- 
ing Curve of Alumina 
showing Exothermal 
Change starting about 
850°. 

definite temp., viz. 430°. 
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molecules are openly packed before calcination, and closely packed after calcina- 
tion. A. Damour observed a greater change— 1 : 0‘922— with Cingalese zircon than 
with gadolinitc, and 0. Hauser found risorite exhibited a still greater vol. change, 
— 1 : 0*90— and the mineral loses its water. Ammonium magnesium phosphate 
glows, loses ammonia, and is converted into magnesium pyrophosphate on 
calcination; and the mineral sipylite loses basic water, glows brilliantly, and 
forms, according to J. W. Mallet, pyrocolumbate. P. Scheerer's ingenious 
explanation is not of universal application, because H. Rose showed that Bamars- 
kite exhibits the phenomenon of glowing blit its sp. gr. is reduced so that there 
is an increase in vol. W. Ramsay and M. W. Travers found that fergusonite also 
decreases in sp. gr. from 5*62 to 5*37 when heated, and the mineral glows strongly 
at 500°-600°. H. V. Regnault assumed that .the oxides observed by j. ,1. Berzelius 
should have a smaller sp. ht. after calcination than before, but he was not able to 
prove it, although H. Rose showed that the sp. ht. of gadolinite is reduced about, one- 
fourteenth. With samarskite, H. Rose observed no difference in the sp. ht. and no 
glow effect on calcination. The nature of the molecular change which occurs on 
calcining these compounds has not been established. According to J. A. Hedvall, 
the X-radiograms of the different forms— artificial and natural— are the same, and 
the existence of different modifications has not been established. The evolution 
of heat, said H. le Chatelier, in the calcination of alumina is attended by a molecular 
change in the oxide. The thermal value of the change of alumina from the 
amorphous to the crystalline state was found by W. G. Mixter to be 10 ('als. 
M. Berthelot gave (2A1, 3())=393*6 Gals, nearly for the heat of formation of alumina, 
and J. B. Bailie and C. Ff*ry gave 380 2 Gals. According to ,1. W. Richards, the 
heat of formation is 387*2U Gals, at 0°, 421 408 Gals, at 900°, and 391236 Gals, at 
1 100°, or, at 6°, (2A1, 30)=387*204- 192*60-0*171602 Gals. W. G. Mixter gave for 
amorphous alumina Na^O 4 A^Os- ^NaAIOo -HO Gals. 

The double refraction of corundum is feeble and negative, being from 0*008-0*009, 
that is, about the same as quartz. The index of refraction is high, being, on the 
average, 1*765. That of the diamond for the red Li-line is 2*4135 ; garnet (pyrope), 
1*7776 ; sapphire, o>— 1*7678, 6=1*7598 ; ruby, or 1*7675, €- 1*7592 ; tourmaline, 
<0=1*6347, € -1*6172 ; and emerald (beryl), to- -1*5491, €--1*5480. Measure- 
ments were made by W. H. Wollaston, 7 J). Brewster, W. H. Miller, A. des Gloizeaux, 
and R. Brauns. G. Melczer found that the indices of refraction for natural 
crystals with the C’-ray ranged from co 1*7643-1*7687, and € 1*7563-1*7602; 
with the Z)-ray, <0 -1*7675-1*7715, and € 1*7594-1*7632; and with the /’-ray, 
<o-~ 1*7751 -1*7764, and € 1*7668-1*7682. For artificial crystals with the C-line, 
<0 -1*7681-1 *7714, and e -1*7597-1*7628; with the /Mine, <o 1 7715-1 7745, and 
€-=1*7630—1*7667 ; and with the /Mine, <o 17789-1*7818, and € 1*7706-1 *7731. 
The crystals are normally uniaxial, but some variet ies are abnormally biaxial. The 
optical anomalies of crystals of corundum have been studied by A. des Gloizeaux, 
E. Mallard, E. Bertrand, G. Tschermak, A. Lasaulx, and R. Brauns. 

The pleochroism in ordinary light is strongly marked in the deeper coloured 
varieties, especially rubies and sapphires. For exaiqple, the ruby may be deep 
coloured when viewed in the direction of the vertical axis, and a much lighter 
colour, or even colourless, when viewed at right angles to this direction ; the sapphire 
may be deep blue in the direction of the vertical axis, and greenish-blue, greenish- 
white, or bluish-white when viewed at right angles. R. Brauns, J. W. Judd, 
0. Miigge, and F. Rinne have described the pleochroitic minerals. The pleochroism 
of the corundum gem-stones enables them to be distinguished from spinels and 
garnets. H. E. Ives and co-workers studied the emissivity and illuminating power 
of mantles made of alumina and heated by Bunsen’s Haim*. V. Agafonoff 
measured the absorption spectrum of a rose-coloured Cingalese ruby and found an 
absorption band between the blue violet and the Cd-line. The absorption spectrum 
has also been investigated by F. Rinne, A. Micthe, and M. Cbaumet. W. W. Coblentz 
found the Ultra-red emission spectrum in the oxy*hydrogen fl^me has emission bands 
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at 1 -4/4, 2/t, 3' 1/4, 4*7/4, 5 2/t, and 7-5/4. The reflecting power for light of wave-length 
A=0-60/4 is 84-1 per cent. ; for A~0'95/4, 87*7 per cent. ; for A=44/4, 20*8 per cent. ; 
for A --8 8/4, 199 per cent. ; and for A=24/4, 6'5 per cent. F. Henning and 
W. House also examined the ultra-red spectrum of the ruby. The transparency of 
corundum to the X-rays has been investigated by C. Doelter, who found it to be 
about one-tenth as transparent as the diamond, and he arranges some minerals in 
the order of their resistance to the passage of the X-rays : diamond, corundum, talc, 
quartz, rock-salt, etc. F. Bordas found that sapphires are discoloured by exposure 

X-rays. 

In 1820, 1\ Heinrich 8 stated that alumina exhibits a feeble phosphorescence 
when exposed to all kinds of stimuli. D. Hahn stated that Cingalese ruby exhibits 
a fine yellow thermoluminescence ; the glow was very feeble with Cingalese and 
Brazilian sapphires ; a grey corundum was found to give a bluish thermolumi- 
nescence at a low temp., and the glow became more intense as the temp, was raised, 
but it completely vanished after the mineral had been heated some time. Somo 
samples of corundum and emery show no thermoluminescence. S. C. Lind and 

D. C. Bardwell observed no thermoluminesence with natural sapphire, and only a 
faint glow with artificial crystals. E. L. Nichols and H. L. Howes studied the 
luminescent spectrum of incandescent alumina. E. Newbery and H. Lupton 
said that a ruby from Carolina appeared green when strongly heated but regained 
its colour on cooling, the mineral showed a slight thermoluminescence which 
rapidly disappeared on further heating ; they also found that exposure to radium 
radiations for 10 days had no appreciable effect on the colour, because the colouring 
matter is not exotic, for rubies are coloured intrinsically by chromic oxide ; on the 
other hand, F. Bordas found that a sapphire exposed to radium bromide was 
coloured red, violet, blue, green, yellow, and brown. S. C. Lind and D. C. Bardwell 
found colourless crystals of sapphire generally become yellow; pink crystals 
become orange ; and blue crystals become greyish or brownish-green ; no fluor- 
escence occurred. Light-coloured ruby was not changed, but synthetic ruby was 
slightly darkened ; no fluorescence occurred. J. 0. Perrine observed no ultra- 
violet fluorescence with alumina. C. Doelter studied the action of radium and 
ultra-violet radiations on sapphire. E. L. Nichols and D. T. Wilber noted that 
alumina exhibits flame luminescence in the zone of a hydrogen flame between 
reduction and oxidation. E. L. Nichols found that at 1000° in the oxy-hydrogen 
flame, alumina appears blue, not red. The brightness of the radiation at 1000° 
is 1900 times that of a black body at 665°, and twice as bright as that at 1500°. 

E. Becquerel showed that the phosphorescence of corundum increases in intensity 
as the amount of contained chromic oxide increases ; and W. Crookes made a similar 
observation with respect to the phosphorescence under the influence of the cathode 
rays. According to H. Jackson, this kind of phosphorescence depends on the degree 
of oxhaustion of the tube : 

At a high exhaustion, the alumina glowed with a splendid crimapn light. As the 
exhaustion proceeded, a spot of about 3 mm. in diameter in the direct line of the centres 
of the electrodes flowed for (►moment with increased brilliancy. This quickly died out, 
and for a short tune the spot appeared black by contrast with the surrounding colour. 
Then came in rapid succession the various stages noticed on heating a substance up to a white 
heat. As the vacuum became higher, this bright light died out as it came, and once more 
the central spot looked black. Then when the vacuum was so high that the discharge 
nearly stopped hi the tube, the phosphorescence of the central spot returned, and the glow 
was oonfined to this spot ; but now the phosphorescence was blue. 

L, tie Boisbaudran said that purified alumina does not phosphoresce when ex- 
posed in vacuo to these rays, but if 15~ 6 part of chromic oxide be present, a distinct 
phosphorescence is produced, and with 10~ 3 part of chromic oxide, the effect is 
brilliant. It is inferred from the work of W. Crookes, L. de Boisbaudran, 
E. Beoquerel, G. C. Schmidt, and W. Arnold that pure alumina does not phosphoresce. 
W. Weiif showed that alumina prepared by precipitation and dehydration of the 
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hydroxide is not fluorescent or phosphorescent under the influence of the cathode 
rays, while that which is prepared by burning the powdered metal in air or 
oxygen is fluorescent and phosphorescent under the cathode rays, and also gives oil 
oxygen under the influence of these rays. J. A. Wilkinson showed that the difference 
is not due to the formation of aluminium peroxide by the burning aluminium, but 
is rather due to the presence of sodium peroxide derived from the combustion of 
the sodium contained as an impurity in the metal. J. Rossignol, J. Ewles, and 
E. L. Nichols and D. T. Wilber studied the cathode-luminescence of alumina. 
G. C. Schmidt found that alumina phosphoresces under the influence of the canal 
rays only when the alumina is impure; but J. Tafel takes the contrary view. 
J. A. Wilkinson’s work shows that the difference in the reports is tin* result of in- 
attention to the unsuspected impurities in the so-called pure alumina. According 
to F. Beijerinck, corundum is a non-conductor of electricity ; and A. A. Somerville 
found powdered alumina to be one of the best of electrical insulators. For 

E. Thomson’s magnetooptical effect, vide zinc oxide. 

Alumina at a red heat is not affected by hydrogen, but H. N. Warren 9 obtained 
aluminium by reducing alumina with hydrogen while contained in a lime tube 
heated by the oxy-hydrogen blowpipe flame— vide aluminium. According to 
W. N. Hartley and co-workers : 

The actual energy supplied before alumina is reduced by carbon, carbon monoxide, or 
hydrogen is — 82’5 Cals., —62-7 Cals., or — 72'9 Cals., respectively. Tho carbon monoxide 
value is thus shown to be less than that in either of tho other two reactions. Alumina 
is reduced to the metallic state in the oxy-hydrogen flame, and the reduction takes place 
more easily when the alumina is mixod with some dense form of carbon. In tho first 
instance, the flamo alone supplied hydrogen only as the reducing agont, consequently, 
the energy required for every atom of oxygen removed was 72 9 Cals, in the form of 
extraneous heat which wets necessary not only for initiating the process, but also maintaining 
it. When solid carbon was used this was a somewhat higher figure, being 82 T) Cals., but 
this very reduction process with solid carbon would resxilt in the formation of carbon 
monoxide which could then operate upon another mol. of alumina, which places the extreme 
limits of the energy required for reduction as between 63 Cals, and 82’5 Cals. From this it 
would appear that the reduction of alumina may be carried out in thp oxy-hydrogen flamo 
by a purely chemical action if the extraneous energy required to initiate and maintain 
the action does not exceed 82*5 Cals, per atom of oxygen removed. 

According to J. Dewar, a gram of dry alumina at the temp, of liquid air 
adsorbs 70 c.c. of air at atm. press., but under reduced press, the adsorption 
rapidly decreases. M. Reichardt and E. Blumtrill found that aluminium 
hydroxide, air-dried and dried at 100°, absorbs from air, respectively, 11 and 
<i9 c.c. of gas per 100 grms., and the gas contained respectively 41 and 83 per 
cent, of nitrogen ; 0 and 19 per cent, of oxygen ; and 59 and 0 per cent, of 
carbon dioxide. This remarkably selective absorption has potential applications. 

F, Scheermesser also noted that carbon dioxide is strongly adsorbed by alumina. 
C. F. Cross found that alumina dehydrated at a low red heat absorbs water 
corresponding with Al(OH) 3 when exposed to a moist atm., whereas alumina 
ignited over tbe*gas flame rehydrates to A1 2 0(0H) 4 ; and after blowpipe ignition, 
it rehydrates approximately to A10(0H) — vide aluminium hydro xides. According 
to J. W. Mellor and A. D. Holdcroft, 100 gnus, of alumina, which have been 
dehydrated at 800°, absorb 10*75 grms. of moisture, and that dehydrated at 1200°, 
0*01 grm. ; F. M. G. Johnson utilized this fact and found alumina dehydrated at 
a low temp, is a better drying agent for gases than calcium chloride, sulphuric 
acid, etc. H, Adkins discussed the use of alumina as a dehydration and decar- 
boxylation agent ; and 8. Medsforth, the accelerating influence on nickel as a 
catalyst in the reduction of carbon monoxide or dioxide by hydrogen. For the 
Pouillet effect with alumina, vide 1. 9, 9. 

H. Moissan found that, at ordinary temp., fluorine reacts with alumina, toule la 
masse devient lumineuse, forming the fluoride, and liberating oxygen ; but cblorine 
has no apparent action on alumina at a red heat. These facts are taken to correspond 
with the heats of formation of the oxide, A1 2 0 8 , 380 2 Cals., of the chlorftle, AlClj, 
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161*4 Cals., and of the fluoride, AlFg, 249 0 Cals. The heat of formation of the 
fluoride thus exceeds that of the chloride, and that of the oxide exceeds that of the 
fluoride. The reaction 2Al 2 0 3 -f6CJ 2 ^4AlCI 3 +30 2 -*114*8 Cals, being endothermal 
does not occur. Aluminium chloride, however, is but incompletely decomposed 
by oxygen at a red heat ; and H. Weber found that at a white heat some aluminium 
chloride is formed by the action of chlorine on alumina. If alumina be mixed with 
carbon and heated in a stream of chlorine, aluminium chloride is formed by an 
exothermal reaction, AI 2 O 3 -f- 3 (Jl 2 -f-3G=3CO -p* 2 A.IOI 3 -f-30 * 2 Cals., the so-called 
//. C. Oersted's reaction, because the heat of formation of carbon monoxide, CO, 29*2 
Cals., is capable of doing chemical work in the reaction. A. Duboin and A. Gautier 
showed that boron and silicon can take the place of carbon in H. C. Oersted’s reaction, 
forming aluminium chloride, and in the one case boric oxide, and in the other case 
silica, but not silicon tetrachloride or silicochloroform. Similarly, the heated oxide 
is decomposed by carbon tetrachloride, as shown by E. Demar^ay, and L. Meyer ; 
the last-named obtained a similar result with chloronaphthalene ; and H. N. Warren 
passed the mixed vapours of petroleum and chlorine over heated alumina and obtained 
aluminium chloride— v/de aluminium chloride. If alumina be heated with an excess 
of ammonium chloride, part of the alumina is volatilized as chloride. L. Troost 
and P. Hautefeuillc found that the vapour of boron trichloride also forms aluminium 
chloride and aluminium borate. According to A. Duboin and A. Gautier, bromine 
and iodine react on a mixture of boron and alumina in an analogous manner. 
A. Daubreo found the vapour of phosphorus pentachloride attacks heated corundum 
moro slowly than amorphous alumina, forming phosphoryl chloride, and aluminium 
phosphate, and, according to R. Weber, a double compound of aluminium and 
phosphorus trichlorides. L. Troost and P. Hautefeuillc found that silicon fluoride 
at a red heat reacts rapidly with alumina, forming, according to A. Daubree, topaz. 
When hydrogen chloride is passed over a heated mixture of alumina and silicon, 
L. Troost and P. Hautefeuillc found that aluminium chloride but no silicon chloride 
is formed. G. Gore found dry liquid hydrogen chloride converts alumina into the 
chloride without dissolving the product— vide aluminium chloride for the action of 
the gas. The solubility, or perhaps the rate of soln., of alumina in acids is greatly 
affected by tho temp, at which the solid has been calcined. Like many others, 
H*. lo Chatelior found that if the temp, of calcination exceeds 850°, alumina becomes 
insoluble in acids. H. Rose said that calcined alumina dissolved slowly in boiling 
hydrochloric acid. J. W. Mellor and A. D. Holdcroft found that the amount 
dissolved by hydrochloric acid during 2 hrs.’ shaking at 14°, from alumina calcined 
for 10 hrs. at 

000 ° 700 ° 800 * 000 ° 1200 ° 

Por cent, dissolved .... 42*96 20*40 7*84 6*92 0*00 

0. Honigschmid found that calcined alumina is indifferent towards acids, even a 
mixture of hydrofluoric acid and nitric acid. A. Mitscherlich said that corundum 
and crystallized alumina are insoluble in cold acids, but boiling sulphuric acid 
(8 : 3) attacks corundum slowly, and if the mixture be heated in a sealed tube, the 
dissolution is completed. A. Gautier found heated alumina is attacked by hydrogen 
sulphide, 4Al 2 0 3 -f9H 2 S --3S024-9H 2 -h2(Al 2 0 3 .Al 2 S 8 ). E. Fremy found carbon 
disulphide at a red heat forms aluminium sulphide. The reduction of alumina by 
carbon is discussed in connection with aluminium, and the carbides. K. Nischk 
found that alumina in the presence of copper can be reduced by carbon, forming 
an alloy of copper with several per cent, of aluminium. L. Kahlenberg and 
W. J. Trantman found alumina is not reduced by silicon. The action of calcium 
carbide, potassium, and magnesium on alumina is discussed in connection with 
aluminium. E. Botolfsen showed that alumina is reduced by calcium. 
0. W. Scheele found alumina to be insoluble in hydrocyanic acid. 0. Honig- 
achmid showed that oalcincd alumina is but slowly attacked by cone. soln. of 
hydroxide, and by fused sodium hydroxide, or a mixture of fused sodium 
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carbonate and nitrate* but it is readily attacked by fused potassium hydro- 
sulphate. E. J. Mills and C. W. Meanweli found that when fused with sodium, 
sulphate, sulphur trioxide is evolved, and this the more the smaller the proportion 
of alumina. According to F. do Lalande and M. Prud’homme, a mixture ol 
alumina and sodimn chloride decomposes at a red heat in a stream of dry air or 
oxygen, and chlorine is evolved. G. Marchal found the reaction between calcium 
sulphate and alumina begins at 940°-950°. P. Ebell found that molten glass 
dissolves comparatively large quantities of alumina, and that most of this crystallizes 
out on cooling. 

Bauxite has been used to a limited extent in making refractory bricks 
chiefly for rotary cement kilns, and for open-hearth basic steel furnaces where not 
only are fire-resisting qualities required but also a resistance to the corrosive action 
of slags. The bauxite is used alone, or admixed with a binding agent milk of lime 
or plastic fireclay. The bauxite may also be used to fortify ordinary fireclay. 
Bauxite bricks have an abnormally high shrinkage when in use unless they have been 
burned specially to a high temp. In order to lessen this shrinkage, the bauxite, may be 
pre-calcined so as to convert it into corundum. A number of patents 10 have been 
obtained for the use of corundum or fused alumina in refractory goods. 0. Ruff 
and W. Goebel 11 studied the preparation of plastic masses of alumina for making 
vessels of various kinds. The use of fused bauxite or corundum as a refractory 
has been discussed by A. Bigot, A. Granger, etc. One trade name for fused 
alumina is alundum. Other trade names have been given to the product- cor indite, 
diamanline, aloxite, oxyalumina, adamite, electrite, ete. The by-product in the 
thermite reduction of chromic oxide is corubin. In the preparation of alundum, 
calcined bauxite is fused in a water-cooled arc-furnace. The impurities are to 
a certain extent reduced, and they partially segregate, as impure ferro-silieon, at 
the bottom of the fused mass. The fused alumina is crushed and mixed with 
the necessary proportion of a plastic clay and felspar to enable it to be moulded, 
and to impart the necessary binding power in the fired product. Numerous articles 
for the laboratory are made of alundum. 
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§ 11. Al umini um Hydroxides, and Peroxides 

J. D. Dana, 1 and H. Lienau assume that there are three aluminium hydroxides, 
viz. diatsporc, A1 2 0 3 .H 2 0, i.e. AIO(OH) ; bauxite, A1 2 0 3 .2H 2 0, i.e. A1 2 0(0H) 4 ; 
and gibbsite A1 2 0 3 .3H 2 0, i.e. A1(0H) 3 . The first and last are clearly defined 
hydroxides, but the individuality of bauxite is not so manifest, and the term is 
used generically for natural products with hydrated alumina as the dominant 
constituent. F. Cornu and K. A. Redlich, and B. Wohlin maintain that there are 
only the mono- and tri-hydroxides, and that bauxite is simply a mixture of the 
two. In support of this, B. Wohlin found that when bauxites of the mono- hydrate 
type are heated they showed a decided heat absorption at 540° while they were being 
dehydrated. Those of the trihydrate type showed a heat absorption at 310°, which 
v. T 
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watt their dehydration temp. The minerals which had a composition corresponding 
to a dihydrate showed heat absorptions at both 310° and 540°. 

The mineral diaspora was described by R. J. Haiiy 2 at the beginning of the 
nineteenth century; it was analyzed by L. N. Yauquelin. R. J. Haiiy named it 
diaspore after fhcunrctpu, to scatter, because, when introduced in a flame the 
mineral sc dissipv, en unc multitude de parcelled. The source of R. J. Haiiy ’s specimen 
was not known. G. Rose found a similar mineral during his travels in the Urals. 
Specimens from various localities have been analyzed by A. E. Nordenskiold, 
C. H. Hess, A. Defrenoy, C. U. Shepard, A. Damour, R. Hermann, J. L. Smith, 
E. Hussak, (J. T. Jackson, A. Lowe, M. Waterkanip, etc. The mineral may be 
regarded as aluminium monohydroxide, or as meta-aiuminic acid, HA10 2 , whose 
salts —the nieta-aluminates- are represented by the spinels. H. de Senarinont, 3 
E. Weinsehenk, and G. Friedel obtained artificial diaspore accompanying corundum 
in the process they employed for synthesizing corundum (r/.v.). A. C. Becquercl 
also separated soln. of potassium aluminato and chromic chloride by parchment 
paper and obtained a deposit of crystals of diaspore on the membrane -vide supra , 
laterite. 

Diaspore occurs in nature in rhombic bipyramidal crystals with axial ratios, 
according to N. von Kokscharofl, a : b : c — 0*1)3722 : 1, 1 : 0 00387. According to 
K. Walther, aluminium monohydroxide is dimorphous, for he obtained a mineral 
from Cerro Redondo, Minas, Uruguay, which he named kayserite — after E. Kayser. 
Its composition was AIO(OH), and the monoclinic crystals had a micaceous 
cleavage. The fracture of diaspore is conehoidal. The crystals are isomorphous 
with gothite, FcgOg.HgO, or HFc0 2 , and with mangamte, Mn 2 0 3 .H 2 0, or HMnO.,. 
The crystals are colourless, but if contaminated with ferric oxide they may be 
tinted cream, grey, or brown ; violet crystals have also been reported. The 
pleochroittm of the coloured crystals has been described by W. Ilaidinger, appear- 
ing violot-blue in one direction, reddish plum-blue in another, and pale asparagus- 
green in a third direction. Diaspore may occur in foliated masses, in thin plates, 
or it may be stalactitie. The sp. gr. ranges from 3 3 3 5 ; and the hardness, 6- 7. 
K. Walther gave 5-6 for the hardness of kayserite. G. Spezia fused diaspore to a 
polourless glass, by heating it in the flame of a blowpipe fed with oxygen. According 
to A. Mitscherlieh, the mineral loses no water at l(KJ r ', but water is given off at a 
red heat. According to A. des Uloizeaux, the double refraction is strong and 
positive ; and A. Michel-Levy and A. Lacroix give for the indices of refraction in 
Na-light, a -1*702, /L-1 722, y -1*750. K. Walther gave for the indices of 
refraction of kayserite, a -1*68, and y below 1*74; and the birefringence was 
0*055. A. Konngott said that when powdered and calcined diaspore is moistened 
with water, it has an alkaline reaction. According to A. Damour, diaspore is not 
attacked by acids or potash-lye ; but after calcination it is soluble in sulphuric 
acid. According to E. Beijerinck, diaspore is a non-conductor of electricity. 

H. Davy 4 analyzed a mineral found by W. Wavel at Barnstaple (Devonshire) 
and reported it to contain approximately 70 per cent, alumina and 30 per cent, 
water with about 1*4 of calcium oxide and some fluorine. He said that B. G, Babing- 
ton proposed to call the mineral uarellite , but “ if a name founded on its chemical 
properties bo preferred, it may be denominated hydrar<jillite, from ei'o>/>, water ; 
dpyiAAo?, clay.” J. J. Berzelius, and J. N. von Fuchs, however, showed that what 
H, Davy assumed to be alumina was really aluminium phosphate. The term 
wavellite now refers to the aluminium phosphate, and hydrargillite to the hydrated 
alumina, but for a time, as a result of H. Davy’s mistake, the two minerals were 
confused. T. Thomson called the Devonshire mineral devonite, and J. N. von 
FuqIib, lasionite. C. Dewey found a mineral at Richmond (Mass.) containing water 
and alumina, and called it gibbsite in honour of G. Gibbs. Analyses made 
by J. Torroy, B. Silliman, and J. L. Smith and G. J. Brush corresponded with 
Al(OH) 8 ; G. Rose applied H. Davy’s name hydrargillite to a similar hydrate found 
in the Urals; an4 analyses by R. Hermann, F. von Kobell, K. von Hauer, 
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J. H. Gladstone, A. von Liebrich, F. Kovar, L. L. Ferinor, A. E. Nordenskjohl, 

H. Warth, A. Mitscherlieh, H. Goreeix, A. de Schulten, J. da Costa Sena, 

E. Jannettaz, and W. C. Eustis of other specimens agree with l\ Dewey's gibbsite. 

G. J. Brush, and G. A. Kenngott discussed the more appropriate term gibbsite or 
hydrargillite for the mineral. Crystallized gibbsite or hydrargillite is comparatively 
rare. According to A. de Schulten, 5 the crystals of trihydrated alumina obtained by 
many processes are of artificial gibbsite, or hydrargillite, or aluminium t rihy dmyjrift, 
AI2O3.3H2O, or A1(0H it is formed when a sat. soln. of aluminium hydroxide 
in dil. ammonia is warmed on a water-bath so that the ammonia is but slowly m 
expelled ; or when a slow current of carbon dioxide is passed over the surface of 
a warm alkaline soln. of alumina. J. M. van Bemmelen also showed that the 
aluminium hydroxide precipitated by L. le Chatelier’s process {vide supra) by 
passing carbon dioxide through a boiling soln. of alkali aluminate ; or by 
G. J. Bayer’s process, by the action of aluminium hydroxide on a soln. of alkali 
aluminate ( vide supra) is crystalline trihydroxide. M. Buchner treated the 
aluminium salt in the solid state with alkali soln., or the salt was moistened with 
a very little water and subjected to the action of gaseous ammonia. The salt was 
also dissolved in its water of crystallization and treated with ammonia, or a metallic 
oxide or hydroxide, with or without steam. Crystals Of this hydroxide were also 
made by P. A. von Bonsdorff, as previously indicated ; F. Wohler obtained the crystals 
by boiling a piece of aluminium in water for many hours ; C. Weltzien, by the 
action of hydrogen peroxide on aluminium ; and A. Cossa, by the action of water 
on aluminium amalgam. A. C. Becquerel obtained crystals of the same product by 
separating soln. of potassium aluminate and aluminium chloride by a diaphragm. 

T. Schlosmg obtained the same trihydrated alumina by calcining the enneahydrated 
nitrate at 140° ; and M. Dullo obtained this hydrate in the form of a white powder 
by the electrolysis of an acp soln. of alum. 

Some colloidal forms have been reported. Thus, T. A. Nicolaewsky applied the term 
*luinyawskite or #rlutn : yawskitr after A. L. Shanyawskite or A. L. Schttnyawskite -to an 
amorphous hydrated ulurnma, approximating A1,0 3 .4D,0, which he found in crevices in 
the dolomite near Moscow. 0. Pauls suggested that bauxite contains a large proportion 
of a colloid which he called ahmwgel ; M. Kispatic, and F, Tucan called the colloidal 
alumina m bauxite corresponding to diaspore, AljO.,.11^0, sporogclUe, and F. Cornu called 
it a-klmrhite , while that corresponding to hydrargillite, Al 2 O v 3H a O, was called a -lliiichUr. 
The khaohite im also called clmr fate or kljakitr— after Khaclie in Dalmatia. Yule bauxiteH. 

The artificial crystals of gibbsite are white, the natural crystals may be grey, 
greenish-grey, brown, or yellow. W. Haidinger showed that the coloured crystals 
may be pleochroic. Crystals of gibbsite are not common ; the mineral is usually 
stalactitic, or it may occur in small mammillary masses with a faint fibrous structure. 

N. von Kokscharoif supposed the mineral to be trigonal, but A. des Cloizeaux, and 
W. C. Brogger showed that the crystals are monoelimo prisms, with axial ratios 
a : 6 : c ^T708 ( J0 : 1 : 1*91843, and /9 85° 29J\ P. Groth suggested that gibbsite, 
Al(0H) 3 , and boric acid, B(()H) 3 , are isottiorphous. 0. Miiggc described the basal 
cleavage ; and W. C. Brogger, the twinning. According to L. H. Milligan, X-radio- 
grams of crystalline aluminium hydroxide, prepared by Bayer’s process, resemble 
those of the mineral gibbsite, thus showing it to be a definite crystalline compound. 
The sp. gr. ranges from 2'3- 2*4. -A. de Schulten gave 2*423 ; the hardness is between 
2 and 3. According to J. M. van Bemmelen, at 170°, the composition remains 
A1 2 0 3 .3H 2 0, i.e. A1(0H) 3 , but after 20 lire.’ heating to 200°, the composition approxi- 
mates AUOa^H./) ; if heated for a long time at 225 J , AI2O3 H2O is formed, and this 
change is completed at 300° ; and if heated to 320°, still more water is given oft', 

W. Ramsay, T. Carnelley and J. Walker, and E. Martin investigated the dehydration 
of aluminium hydroxide- vide infra. L. H. Milligan showed that crystalline 
aluminium hydroxide remains constant in composition, Al(OH) 3> up to 145°. The 
evolution of water commences just over 145°, and is almost complete* at 200° ; 
about 8 per cent, of the original aluminium hydroxide remnuns undecomposed at 
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this temp. There is no evidence of the formation of other hydrates. The water 
absorbed by alumina dehydrated as low as 275° is srmply adsorbed and does not 
combine chemically with the alumina. T. Hagiwara found that alunumum 
hydroxide lost only 018 mol of water at 180°, but if previously ground with four 
times its weight of quartz, it lost 2 01 mols. This is taken to mean that the affinity 
of a substance for water is lessened by subdivision, since the chemically combined 


water becomes adsorbed water. . , . . , 

H Hose and C. F. Cross found that dehydrated alumina recombines with 
water with the evolution of heat, and this the less the higher the temp, at which 
the alumina has been heated— vide aluminium oxide. A. Mitscherlich found that 
the hydroxide dehydrated at about 240° reforms the trihydrate in moist air. 
J. Thomsen gives for the heat of formation (2A1, 30, 3H 2 0), 388 80 Cals. , and 
(Al, 30, 3H), 206 <( J4 Cals. The double refraction is strong and positive. 
W. C. Brogger gave for the indices of refraction a~/3 -15347, and y=r5577 ; and 
F. Slavik gave 1*560-1 '573. W. W. Coblentz found a wide band at 3/z in the ultra- 
red transmission spectrum of bauxite, and other bands at 4 7 /x, 5'8/x, and 7/x. 
In the ultra-red transmission spectrum of hydrargillite, W. W. Coblentz found one 
large, water-band at 3/x ; and in that of diaspore a baud at 3 /x, and smaller bands at 
19/x, r >*8 /x, and G'7/x. In the ultra-red reflection spectrum, there are no marked 
absorption bands up to 8/x ; there is a broad band between 9‘4/x and 10 3 /x with 
maxima at 9‘45/lx, 9‘8/x, and 10'2/x. The region 12 /x to 13/lx is complex, but there is 
a maximum at 12‘8/lx. There are also maxima at 8’55/x, 13‘8/x, and 14 6/x. 
F. Beijerinck said that gibbsite is a non-conductor of electricity. F. Wohler, 
i\ A. von Bonsdorff, A. Cossa, and V. Zunino noted the relative chemical inertness 
of crystallized aluminium trihydroxide. The crystalline trihydroxidc is said to be 
insoluble in water, aq. ammonia, alcohol, and to be almost insoluble in cold sulphuric, 
hydrochloric, or nitric acid, and alkali-lye ; to be very slowly soluble in boiling 
hydrochloric acid ; and rapidly soluble in hot sulphuric acid. J. M. van Bemmelen 
found that the crystalline hydrate has not the power of adsorbing salts from soln. 


to any marked degree. 

Hydrated alumina not only occurs crystalline in the form of definite hydroxides, 
but it may be obtained in a non-crystalline or amorphous state, as exemplified by 
the colloidal alumina hydrogel which is very sparingly soluble in water, and the 
so-called soluble hydrate in the form of an alumina hydrosol. The formation of 
alumina hydrogel by adding ammonia, or alkali hydroxides, has been described in 
connection with the formation of aluminium oxide. E. J. Mills and R. L. Barr® 


found that by adding sodium carbonate to a soln. of alum, the mixture remains clear 
until the molar ratio Na 2 CO a : A1 2 (S0 4 ) 3 is 3 : 5 ; when the rat io is 7 5 : 5 half the 
alumina is precipitated as hydroxide, and when the ratio is 12 : 5, all the alumina is 
precipitated. The amount precipitated in the first half of t he reaction is proportional 
to the amount of sodium carbonate, and after that an increasing amount is pre- 


cipitated. According to C. Renz, when a soln. of aluminium nitrate is precipitated 
by an excess of ammonia, a small quantity of aluminium hydroxide remains dissolved, 
but freshly precipitated and washed alumina is quite insoluble in ammonia. When a 
soln. of potassium aluminate is precipitated by the calculated quantity of ammonium 
chloride and a large excess of ammonium hydroxide is rapidly added, the precipitate 
completely redissolves. The modification of aluminium hydroxide soluble in 
ammonia is best prepared by addition of the calculated quantity of ammonium 
sulphate to a soln. of barium aluminate to which an excess of ammonia has been 
added. On filtering off the barium sulphate, a clear soln. is obtained, containing 
0’1 grm. of alumina in 50 c.c., and on evaporation, it leaves the hydroxide as a white, 
not horny mass, dissolving less readily in acids than the ordinary modification. 
The filtration and washing of the hydrogel causes it to lose its property of dissolving 
in ammonia so that it appears as if there are two varieties of the hydrogel, one soluble 
and thtf other insoluble in aq. ammonia. The product was investigated by 
E. Wendehorst, Gt Jander and B. Weber, L. Blum, R. Fittig, F. Tucan, 
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1\ P. von Weimarn, etc. According to G. Ldsekann, hydrogen sulphide 
precipitates hydrated alumina from alkaline soln., and the precipitate dis- 
solves when the mixture is boiled— presumably by a reversal of the reaction. 
K. Schlumberger found that when the precipitated hydroxide is washed to remove 
the alkali salts, it loses to a large, extent its solubility in acids. The product is 
assumed to be a mixture of soluble and insoluble colloids which may be separated 
by dil. hydrochloric acid, or alkali-lye. He said that the composition of the precipi- 
tated hydrates is not very definite, and he claimed to have made A1 10 0. 22 1I 14 , i.e. 
10A1(OH) 3 less 8H 2 0, or 5A1 2 0 3 .7H 2 0 ; and Al fi O 14 H 10 , i.e. CA1(()H) : , less HU), 
or 3A1 2 0 3 .5H 2 0. The latter hydrate is represented by the formula : 

AI 2 (OH) 1 <y>Al,<^>AI ! (OH). 

HO A OH 

.but a formula cannot materialize a compound. It is said to be very hygroscopic, 
to swell up in cold colic, sulphuric acid, but not to dissolve unless the acid is 
heated, when it forms normal aluminium salts ; on the other hand, it dissolves with 
great ease in cold, dil. hydrochloric acid to a viscous, opalescent, but homogeneous 
liquid, which passes through filter-paper. This liquid, which is acid and astringent, 
appears to coagulate when cone., and the dried coagulum forms a gummy mass 
of the composition, Al 6 O l4 H 10 .HGl. When the soln. of the hydrochloride is dialyzed, 
normal aluminium chloride is eliminated, and the original basic hydroxide remains. 
W. Pauli regarded the colloidal particles as complexes like A1(()H) 3 .AI(()II) 2 C1, etc.-— 
vide oxychlorides. According to K. Willstatter and H. Kraut, aluminium hydroxide 
is prepared (i) as a pale yellow, plastic mass by precipitating aluminium sulphate with 
cone, ammonia and subsequent protracted heating of the precipitate with ammonia ; 
(ii) as a very pale yellow, viscous, plastic mass prepared in the same manner as (i), but 
with avoidance of protracted heating; (iii) as a pure white, very voluminous, and 
very finely divided substance, by precipitating aluminium sulphate with dil. ammonia 
without protracted heating ; and (iv) as a pure white, coarse powder by passing a 
slow current of carbon dioxide through a soln. of potassium aluminate. The chemical 
behaviour of the products towards a one per cent. soln. of sodium hydroxide, warm 
12 per cent, acetic acid, or 1, 15, or 30 per cent, hydrochloric acid, differs in the 
several cases, and cannot be explained on purely chemical or purely colloid-ehemical 
grounds. The existence of definite hydrates in the preparations is indicated by the 
results of their desiccation over sulphuric acid and by their step-wise dehydration at 
gradually increasing temp. The adsorptive capacity of the different varieties for 
the enzymes invertase and lipase is affected to a very marked extent by the dilution 
of the soln. V. KohlschUtter and co-workers investigated the dependence of the 
properties of dispersed aluminium hydroxide on the mode of preparation. 

D. Tommasi found that the hydrate precipitated by ammonia, has the composi- 
tion Al(OH) 3 after it has stood under water for 3 months- probably the product 
is here the crystalline hydrate, because its solubility in hydrochloric, nitric, or acetic 
acid or in alkali-lye is said to be as difficult as that of the calcined oxide, although 
it is easily soluble in cone, sulphuric acid. L. Pean de St. Gilles found that after 
boiling precipitated alumina with water for 20 hrs. the composition approximates 
AI2O3.2H2O ; but if heated with water to 260 rt -300°, in a sealed tube, A. Mitscherlich 
found 17-78-18*00 per cent, of water was retained. J. Lowe found that the hydrate 
precipitated by ammonium chloride from alkaline soln., and dried at 100°, is nearly 
A1 2 0 3 .2H 2 0. E. T. Allen is of the opinion that precipitated alumina has the 
composition Al(OH) 3 , whether prepared by precipitating warm or in the cold with 
ammonia, by boiling a soluble aluminate with ammonium chloride, by boiling the 
basic carbonate with water or dil. ammonia, or by thp prolonged action of water 
on soluble aluminafces. The last form is crystalline and does not lose water over 
sulphuric acid ; the amorphous varieties under such conditions, or by heating at 
110 °, lose a mol. of water, leaving the hydrate, A1 2 0 6 H 4 , which is hygroscopic and 
reverts to Al(OH) 3 . • 
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Alumina hydrogel dries to a white, hard, horny mass which, like dried glue, sticks 
to the tongue, and with water it forms a sticky mass. Alumina precipitated in the 
cold from not too dil., colloid-free solo, was found by F. Haber to be amorphous 
when tested by the X-radiogram method. Alumina prepared by peptizing the 
acetate vide infra and filtering through a colloid filter, left a membrane of alumina 
which gave evidence of a crystalline structure. S, Hakomori studied the failure of 
ammonia to precipitate aluminium hydroxide in the presence of tartaric acid or 
glycerol, but without coming to very definite conclusions. J. Lowe said that the 
alumina precipitated fiom alkaline soln. by ammonium chloride is more opaque than 
that precipitated by ammonia. J. J. Berzelius found that the precipitate dried at 
110 ° was eq. to Al(OH) a . E. T. Allen said that the hydrate has the greatest sp. gr. 
when precipitated from basic carbonate soln., but the sp. gr. of the crystalline hydrate 
is greater than that of the most dense hydrogel. A . Mitscherlich noted that the dried 
precipitate loses a little water at 130°, and the greater part is expelled between 150° 
and 280°, so that at the latter temp, the residue has the composition AI 2 O 3 .H 2 O ; the 
remaining water is retained until the temp, is bright red. The Compagnie des 
Froduits Chimiques found the precipitate is readily dehydrated if the calcined mass 
is moistened with hydrofluoric acid and recalcined, although the final product then 
contains about one per cent, of fluoride. W. Ramsay, and T. Camelley and J. Walker 
measured the rate at which water is given off at different temp., but found no signs 
of a discontinuity corresponding with the formation of definite hydrates. J. M. van 
Bemmelen also showed that, when heated, alumina hydrogel is constantly changing 
molecularly, so that at no period can it be represented as a chemical individual with 
a simple formula. W. Ramsay found that the hydrate, heated at 100°, has 29 5 
per cent, of water ; at M5°, 23 '5 per cent. ; at 2(h), 19 8 per cent. ; and at 300°, 
15 per cent. W. M tiller- Erzbach made some observations on this subject. 

The attempts to fix a definite formula for alumina hydrogel have not been 
successful. J. M. van Bemmelen precipitated it by ammonia, and found that 
the colloid obtained (i) with very dil. soln of aluminium chloride and ammonia, 
when rapidly washed and dried in air, had the composition Al 2 0 ;V 4-3Ho0 ; but 
if obtained (ii) from cone, soln., Al 2 L). t .4*-lf> H 2 0 ; if the latter be boiled with 
water 24 hrs., (iii), or allowed to stand under water t> mons., (iv), and then dried 
in air, the composition is ALO^A^H.d). In spite of the similarity in composition, 
the four substances behave differently when allowed to stand in air sat. with water 
vapour, or when dried at 100°, or over cone, sulphuric acid. The water lost at 140° 
and 300° is different ; but in all cases, when dried between 250° and 300°, the 
composition approximates A1 2 0 ;} .H 2 0. When (iii) has been heated to 100 °, its 
composition corresponds with A^Og.ftHgO ; but (ii) has 185 mols of water after 
standing at 1 (H)’ for one hour, and I t mols of water after standing at 100 for six 
hours or more, while if it has stood an hour over cone, sulphuric acid, it contains 
1*99 mols of water, and after 9 days, I f) mols of water. In general, the more 
water the colloid has lost by heat, or the longer it has stood under water, the more 
difficultly soluble it is in nitric or hydrochloric acid. The power of rer.dsorbing 
water also decreases as the period of drying is extended. For instance, (i) and (ii) 
when dried at 100 ° until they have respectively the compositions ALO^’SHgO and 
AlgOs.l'BHgO, can absorb the original quantity of water from a moist atm. ; but 
if dried over sulphuric acid, the former can take up 1*4 mols of water and the latter 
1*8 mols. If (i) is heated to 300° until its composition is A 1 2 0 3 . 0 ‘ 9 H 20 , it forms 
AlgO^.S^HgO in a moist atm. 

According to J. M, vau Bemmelen, alumina hydrogels, whether freshly pre- 
cipitated or dried, adsorb acids, bases, and salts from soln. W. Pauli considers 
that complexes A1(OH) 3 .A1(OH)jjC 1, etc., are formed. H. von Zehmen studied the 
reversible hydration and dehydration of the colloidal alumina prepared by 
H. Wialicenus. On heating, the loss of water takes place stepwise between 100° 
and 200 °, inasmuch as a definite percentage of water is lost at any given temp. ; 
05 per o£nt. is lost at t 100°, a further 3 per cent, at 150°, and 2-3 per cent, at 200° ; 
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and above 200°, there is no further loss. On keeping in an open dish, practically the 
whole of the water is readsorbed in one day, and the small residue in four to five 
days. The maximum absorption of water is 00 per cent., and this amount is taken 
up in a few weeks by keeping the fibrous material in an atm. sat. with water vapour. 
In taking up water, swelling occurs; thus l 97 grins, of material dried at JW, 
had a volume of 5‘6() c.c., and on keeping for three days in an atm. sat. with water 
vapour, it increased in weight to 3*12 grins, and in volume to 6*30 c.c. According 
to A. Tian, the hydrosols of the metal hydroxides are usually not very stable ; it 
is exceptional for the hydrosol produced by the hydrolysis of the metal salt to 
flocculate. This is because the tendency of the particles of the hydrosol to unite 
to form particles of greater size is reversible owing to the chemical forces tending 
to peptization, and an equilibrium is established. The adsorption of salts, etc., 
by alumina hydrogel was studied by R. Warington, 1). Stromholm, H. Rheinboldt 
and E. Wedekind, H. von Euler and R. Nilsson, li. B. Weiser and E. B. Middleton, 
S. Wosnessensky, etc. It is impossible to precipitate hydrated alumina from soln. 
containing other salts, without adsorption phenomena. This explains the trouble 
the early chemists had in precipitating alumina from alum soln. The product always 
contained adsorbed sulphates, and this is the origin of the statement that the pre- 
cipitate is contaminated by a basic sulphate. N. R. Dhar and K. 0. Sen found that 
when aluminium hydroxide gel is peptized by alkali hydroxides, it is negatively 
charged owing to the adsorption of hydroxyl ions. The adsorptive power of alumina 
for sucrose, leucine, phosphates, and nucleic acids has been studied by H. von Euler 
and E. Erikson. A. Charriou showed that if precipitated aluminium hydroxide 
containing adsorbed chromic acid be washed with a 5 per cent. soln. of a salt of a 
monobasic acid (chloride, bromide, iodide, nitrate, or acetate), no chromic acid is 
removed and no further substance adsorbed. With soln. of salts of a polybasic acid 
(carbonate, sulphate, sulphide, oxalate, tartrate, citrate, phosphate, or arsenate), 
interchange occurs between adsorbed chromic acid and polybasic acid. Sulphuric 
acid adsorbed by aluminium hydroxide is not displaced by monobasic acids, but 
completely so by polybasic acids. Phosphoric acid adsorbed by aluminium 
hydroxide is not displaced by carbonate or chromate soln. Carbonic and chromic 
acids are mutually displaceable from adsorption in aluminium hydroxide, that 
acid being displaced which is present in smaller concentration. When arsonioifs 
sulphide is precipitated by means of hydrogen sulphide in presence of a barium salt, 
the precipitate contains adsorbed barium. When the precipitate is washed with 
a soln. of sodium or potassium chloride, no displacement of barium occurs, whilst 
with soln. of aluminium, ferric and chromic chlorides, an interchange of barium and 
the tervalent metal takes place. A. Ivanitzkaja and L. Orlova studied the coagula- 
tion of alumina sols by electrolytes. M. A. Rakuzin found aluminium hydroxide 
adsorbs gum arabic from its aq. soln. irreversibly; while potassium metasilicate 
and sodium fluosilieate are adsorbed reversibly. H. von Euler and E. Erikson 
showed that sucrose and leucine are not adsorbed, while nucleic acid is adsorbed. 
They also studied the adsorption of phosphoric acid. According to H. Heidenhain, 
aluminium hydroxide, in the presence of a large excess of alkali tartrate, is neutral 
in the cold towards phenolphthalein, and, consequently, under these conditions acids 
can be titrated in the presence of acids. F. Mylius and F. Forster state that alumina 
hydrogel reacts like an acid towards iodeosin. W. H. van de Sande Bakhuyzen 
found that the solubility of the amphoteric oxide passes through a minimum when 
increasing quantities of acid and base are added. V. Kohlschiitter and co-workera 
found that sol formation precedes the dissolution of aluminium hydroxide in cone, 
hydrochloric acid, but not in soda-lye; .with aluminium oxide, sol formation 
precedes dissolution in both acids and bases. A. Massink has studied this subject. 
R. Schwarz and H. Stock found aluminium hydroxide acts as a negative catalyst 
on the photochemical decomposition of silver bromide emulsions. 

R. Phillips noted that alumina hydrogel, freshly precipitated and washed in the 
cold, is readily soluble in acids, but if kept under water for some days, if becomes 
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sparingly soluble ; and L. P£an de St. Gilles, D. Tommasi, J . M. van Bemmelen, 
and many others have noted this ageing of alumina hydrogel by keeping under 
water, or by boiling with water, whereby the product becomes sparingly soluble 
in acids or alkali-lye. By means of X-radiograms, J. Rohm and H. Niclassen 
noted the passage from the amorphous to the crystalline state during the ageing, 
of the gel. Like aluminium oxide, the hydroxide is converted into a product 
soluble in water, by fusion with the hydroxides of the alkalies or alkaline earths ; 
with alkali hydrosulphate or pyTOSulphate ; or, according to H. C. McNeil, in 
fused barium chloride. P. N. Raikow said that alumina is not affected by carbon 
•dioxide, and F. Sestini found that 100 c.c. of water, sat. with this gas at ordinary 
press., dissolve 0*001 grm. of alumina. T. Ourtius and J. Rissom noted that 
hydrated alumina is not soluble in aq. hydrazoic acid. According to a patent of 
Hermania, the hydrolysis of soln. of basic aluminium salts is retarded if 0‘1 per 
cent, of phosphoric acid or soluble phosphate be present. 

0. Renz prepared a form of hydrated alumina soluble in ammonia — vide supra. 
The reports as to the solubility of precipitated alumina in ammonia are conflicting. 
C. Renz, and F. .1. Malaguti and J. Durocher discussed the solubility of alumina in 
aq. ammonia. Alumina hydrogel is flocculated by salt soln., and deflocculated or 
peptized when these salts are removed by washing. H. B. Weiser and E. B. Middle- 
ton studied the cone, of different salts required to precipitate colloidal alumina — 
the order, beginning with the lowest, is ferrocyanide, thiosulphate, ferricyanide, 
citrate, sulphate, oxalate, phosphate, chromate, dithionate, dichromate, chloride, 
nitrate, bromide, and iodide. The adsorption of the salts by the precipitated colloid 
was also measured. N. Schilow studied the adsorption of soln. of electrolytes by 
alumina. Peptized alumina hydrogel will pass through filter-paper, and in some 
respects behave as if it were in soln. Hence, no doubt, some mal-inferences have 
been made as to the solubility of alumina. P. Klein found colloidal alumina is 
not precipitated by a number of non-conducting organic liquids. If ammonium 
salts are present, as is usually the case in analytical \irork, boiling the pre- 
cipitato with the ammoniacal mother liquid may decompose the ammonium salts, 
resulting in the escape of ammonia and the production of free acid which dissolves 
the alumina. If fluorides be present, F. P. Veitch, W. R. Bloor, L. J. Curtman, 
and F. W. Hinrichsen showed that some alumina may escape precipitation ; and 
J. W. Mellor showed that thiB is also the case if sulphates be present. The solubility 
of aluminium hydroxide in soln. of aluminium sulphate has been measured by 
R. Kremann and K. HUttinger. 

E. H. Archibald and Y. Habasian found that at 20°, the ammonia solubility of 
aluminium hydroxide, expressed in grams of aluminium hydroxide, Al(OH) 3 , per 
100 c.c., increases as the cone, of the ammonium hydroxide increases, until a cone, 
of about 0*5A r -NH 4 0H is attained when the solubility decreases as the cone, of 
the ammonia increases ; thus, 

tf-NH 4 OH* . . 0050 0-100 0-125 0200 0-500 1 000 

Solubility Al(OH) a . 0-007 0 008 0 025 0 038 0 045 0 024 

In the presence of ammonium nitrate, the solubility decreases, and in the presence 
of potassium nitrate the solubility increases. Thus, with A-soln. of ammonia at 20° 
containing the salts just indicated in amounts represented as per cent, by weight : 

NH 4 NO, KNOj 

Salt . . . ^ 5 10 " 20 30~ ^5 HP 

Solubility Al(HO), . 0-0187 0 0082 0 0045 0 0035 0-0760 0-1310 

L. de Boisbaudran found that if ammonium salts be present hydrated alumina 
is dissolved by aq. ammonia ; J. Hanamann found a litre of 4 per cent. aq. ammonia 
dissolves 0*053 grm. of A1 2 0 3> and the solubility is raised if ammonium chloride 
be present. In view of the observations of E. H. Archibald and Y. Habasian, 
these statements are open for revision. A boiling soln. of ammonium carbonate 
does not* dissolve hydrated alumina, but, according to J. Weeren, if beryllium 
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hydroxide be present, some alumina is dissolved. H. W. Fischer showed that 
alumina is soluble in an aq. soln. of aluminium chloride. A. Miiller-Jacobs said 
that hydrated alumina is soluble in the alkylamines, and C. Renz said that methvl- 
amine, ethylamine, dimethylamine, and diethylamine readily dissolve hydrated 
alumina, and that the alumina is not precipitated from its soln. in methyhunine 
by ammonia, ammonium chloride, or by acids. 

In addition to the previously descrilied mono-, di-, and tri-hydrated aluminas resjwtivoly 
represented by diaspore, idealized bauxite, and gibbsite or hydrargillito, E. .1. Mauinen6 
said that alumina forms hexahydrates, and A. Villiers claimed to have made hexahvdrnted 
alumina, Al 2 0 3 .6H a 0, i.e. aesquihydrated aluminium hydroxide, 2A1(0H).,.*4H 2 0, by keeping 
alumina hydrogel suspended in well-cooled water. V. Zunino said that pentahydmted 
alumina, Al 2 0 3 .5H a 0, i.e. monohydraled aluminium hydroxide, Al(OH) 3 .H 2 (), is formed by 
the action of moist air on aluminium amalgam. A. Mitscherlich claimed to have made 
hemihydrated alumina, 2A1 8 0 3 .H 2 0, i.e. aluminium dioxyliydrorule , A1 2 0 2 (0H). There 
are also E. Sohlumberger’s products, 3A1 8 0 3 .5H,0, and 5A1 2 0 3 .7H 2 0, indicated above. 
The individuality of none of these hydrates has been estalisliod. 

Ordinary alumina hydrogel is considered by W. B. Hardy 7 to be an irreversible 
colloid ; but R. P. Rose prepared a reversible gel by adding hydrochloric acid to 
a soln. of aluminium hydroxide in dil. acetic acid. Dil. soln. in propionic, butyric, 
hydrobromic, hydriodic, or nitric acid also gave an alumina hydrosol, which is 
reversibly coagulated by adding aluminium salts, or hydrochloric and other acids ; 
but irreversible coagulation occurs when potassium or sodium sulphate is added. 
A. Mtiller also prepared the reversible colloid. 

A. Tian inferred that when a hydrolytic equilibrium is established slowly, 
one of the products tends to assume the colloidal state. The hydrolysis will be 
retarded by two reactions, (i) the ionic reverse of the hydrolysis taking place in the 
aq. phase ; and (ii) the reaction between the soluble product of the hydrolysis and 
the gel. The second reaction will be slower as the colloidal particles grow larger 
because less surface per unit mass is available. The total rate of hydrolysis will 
thus depend on the rate of growth of the colloidal particles. A. Massink has dis- 
cussed the solubility of aluminium hydroxide. 

J. L. Gay Lussac, in 1810, showed that an aq. soln. of aluminium acetate under- 
goes reversible hydrolysis when the temp, is raised. He said : 

The precipitation of alumina on boiling and the rediasolving at a lower temp, aro facts 
which are of interest to the .general theory of chemistry und which are rathor exceptional. 
If the precipitation were due to volatilization of the acetic acid, the alumina would not 
redissolve when the temp, is lowered. As a matter of fact, similar changos can be observed 
in a strongly acid soln. or in hermetically sealed flasks. Since the precipitation does not 
depend on the volatilization of the acid, it is evident that it is due to the heat which wrenches 
apart the mols. of acid and alumina, carrying each out of the sphere of action of the other, 
and causing their separation. With less heat, the same mols. come within each other's 
sphere of activity and combine. 

In 1853, W. Crum worked with a more dilute and more basic soln. than J. L. Gay 
Lussac, and found that a white crystalline precipitate of a basic aluminium acetate, 
(CH 3 C00) 2 A1.0H, is obtained by boiling a cone. soln. of aluminium acetate, 
(CH 3 COO) 3 Al ; and a more protracted boiling completes the hydrolysis. W. Crum 
Baid : 

By the continued action of heat on a weak soln. of binacetate of alumina, 
AloOj^CHjCOjJ^OHJj, a permanent separation of the constituents of the salt takes place, 
although no acid escapes and no alumina is precipitated. 'The properties of the alumina 
are, at the same time, materially changed. A soln. of binacetate of alumina, diluted so as 
to contain not more than one port of alumina in two hundred of water, was placed in a 
dosed vessel which was immersed to the neck in boiling water, and kept in that state day 
and night for ten days. It had then nearly lost the astringent taste of alum, and acquired 
the taste of acetic acid. Being afterwards boiled in an open capsule, acetic acid was freely 
given off, and when the boiling had continued about five hours (the loss of water being 
continually restored), the liquid was found to have retained not more than one-eleventh 
of its original quantity of acetic acid, or about one eq. to five and a half of alumina. 

The colourless, tasteless, and neutral sol— alumina hydroaal — of afuminium 
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hydroxide so obtained was called tneUt-alunfiina. A colloidal soln., it will be 
• remembered, is one containing a finely divided phase which is prevented from 
flocculating, so that there is no particular need for the term meta-alumina. Accord- 
ing to W. 1). Bancroft, water will hydrolyze any salt until the product of the concen- 
trations of the hydrogen and hydroxyl ions reaches a value of about 1()~ 14 . If either 
base or acid is very sparingly soluble, the hydrolysis will run farther than if both 
are strong electrolytes. Equilibrium will be reached much more rapidly if the 
soln. is heated. Whether the insoluble base precipitates or remains in colloidal 
soln. will depend on the conditions of the experiment. That hydrolysis has taken 
place can be shewn in a number of different ways. J. L. Gay Lussac deduced it 
from seeing the precipitated alumina ; and W. Crum, from the change in the taste 
of the soln. J. Splichal showed that if a trace of sulphuric acid is present as 
impurity, the hydrosol will be quickly coagulated. S. Murachi and T. Okazaki 
made the hydrosol by diluting a sat. soln. of aluminium acetate in dil. acetic acid, 
adding hydrogen dioxide (sodium dioxide, or potassium persulphate) and dialyzing 
the liquid for about 10 hrs. at 50° 80°. 

W. B. Bentley and R. P. Rose consider the sol obtained by digesting freshly 
precipitated aluminium hydroxide in hot, 8 per cent, acetic acid, to be a sol of basic 
aluminium acetate. Crum’s sol is opalescent, and it can be kept for years without 
change. The cone, sol is viscous. J. Splichal found that W. Crum’s process does 
not give good results urdess the acetate be free from sulphate. E. Schlumberger 
made colloidal soln. of alumina ; and W. Biltz found that the colloidal particles 
are positively charged because, if, say, 100 volts be passed through the cone, sol 
contained in a U-tube, in half an hour the liquid near the negative electrode 
becomes turbid --anodic eataphoresis and that near the positive electrode becomes 
clear. Similar remarks apply to colloidal aluminium hydroxide prepared by 
T. Graham’s process, namely, by the dialysis of a soln. of aluminium hydroxide in 
one of aluminium chloride or acetate. T. Graham’s sol acted as a mordant, whereas 
W. Crum’s did not. W. Biltz and W. Geibel made an optical study of the colloidal 
soln. ; and J. H. Hildebrand found that the sol produced by Graham’s dialytie process 
shows submicrons very plainly in the ultramicroscope. 8. Kawamura measured the 
viscosities of the hydrosol. J. H. Gladstone and W. Hibbert determined the f.p. 
of the sol, and obtained a result indicating a mol. wt. varying from 109 •(> to 1073 
on the assumption that the method employed for dil. soln. is valid for colloidal soln. 
The cone. soln. of colloidal alumina is not coagulated by acetic, formic, boric, 
arseuious, or cyanuric acid, but it is coagulated by hydrochloric, nitric, sulphuric, 
citric, chromic, or molybdic acid, and by many organic acids. Alkalies have a 
strong coagulating power ; nitrates and chlorides are not very active ; while sodium, 
magnesium, or calcium sulphate coagulates the colloid very quickly. It is therefore 
probable, added T. Graham, that the extraordinary coagulating action of salts upon 
hydrated alumina must prevent the latter substance from ever appearing in a soluble 
stato when Iterated from combination by means of a base. 8. Wosnessensky found 
colloidal alumina is not coagulated by single electrolytes excepting lime-water or 
baryta-water ; but marked coagulation occurred with hi- or ter-valcnt metal salts 
and alkali hydroxides. S. Utzino found that the maximum stability of colloidal 
soln. of aluminium hydroxide in the presence of glucose does not occur with the 
finest state of subdivision. 

J. B. Cammerer 8 found that aluminium hydroxide is soluble in a 2 per cent. 
80 ln. of hydrogen dioxide. When the product is cone, by evaporation, it furnishes 
a syrupy liquid which yields a crystalline mass, sparingly soluble in cold water. 
The soln. had an acid reaction, but it is not clear whether the original soln. of 
hydrogen peroxide was free from acid. P. R. Jourdain showed that hydrogen dioxide 
is contained in the product obtained by the oxidation of aluminium amalgam in air. 
A. Terni found that when an excess of 30 per cent, hydrogen doxide is added to a 
soln. of aluminium hydroxide in 50 per cent, potassium hydroxide, there is obtained 
an amorphous white precipitate having the composition Al a 0 3 .AJj0 4 .10H 2 0, which 
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reacts as if it were a true aluminium peroxide. It is assumed that AL0 4 is the 
initial product of the oxidation of aluminium hydroxide by hydrogen dioxide, and 
that this product is gradually hydrolyzed to furnish the oxide ALO 3 .ALO 4 .IOHJJ. 
J. A. Wilkinson prepared aluminium peroxide by adding sodium dioxide to a soln. 
of an aluminium salt until the precipitate first formed just dissolved, and then 
adding hydrogen peroxide. The precipitated aluminium peroxide, dried at 110°, 
gave no signs of phosphorescence when exposed to the cathode rays. 
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§ 12. The Aluminates 

The solubility of aluminium hydroxide in acids results in the formation of salts 
whose characters show that aluminium hydroxide is a weak base ; on the other 
hand, the solubility of the hydroxide in a soln. of alkali hydroxide, and the formation 
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of the so-called alkali aluminate can be attributed to the feeble acidic properties 
of aluminium hydroxide. Otherwise stated, aluminium hydroxide is amphoteric ; 
and, in aq. soln., it is assumed to be ionized in two ways, namely : 

A! (0H)»{5h- |h% s ^h + h s o + aio,' 

J. K. Wood 1 was unable to determine the basic constant because, although a soln. 
with 0 0375 mol of aluminium chloride is hydrolyzed to the extent of 4 per cent, 
at 25°, there is no means of establishing the assumed mode of hydrolysis, 
AlCl3-f-H 2 0=HCl-|-Al(0H)Cl2. He showed that a —jV-soln. of sodium meta- 
luminate is hydrolyzed to the extent of 35 per cent, at 25° ; if so, the hydrolysis 
constant is 1*2 X 10~ 13 , and the acidic ionization constant is 6 ‘3 X lO” 13 . G. Carrara 
and G. B. Vespignani found aluminium hydroxide to be more energetic as a base 
than as an acid ; they also measured the conductivity and speed of hydrolysis of 
methyl acetate by some metal hydroxides and found that the order of decreasing 
activity is Mg, Cu, Zn, Cd, Al, Fe, so that, contrary to E. A. Schneider, they believe 
that ferric hydroxide is not a more energetic base than aluminium hydroxide. 
Working with crystalline aluminium hydroxide, It. E. Slade also found that 
aluminic acid is stronger as a base than as an acid, and its ionization constant, A', 
is at least 10~ 10 , the same order as that of boric acid ; and working with colloidal alu- 
minium hydroxide, W. Blum obtained for the acid constant A— lO -83 . According 
to J. Heyrovsky, the process by which aluminium hydroxide dissolves in alkalies is 
not the same as if it could send into soln. one, two, or three of its hydrogen atoms 
as ions, and thus react like, say, phosphoric acid. It does not neutralize bases 
like an acid by means of hydrogen ions, but rather does it remove hydroxyl ions and 
form complex anions, Al(OH) 3 -j-OH'— A1(0H) 4 ', like compounds do when redissolv- 
ing in an excess of reagents, e.g. AgCy./, Hgl 4 ", etc. It neutralizes not by its acidity 
but by its affinity for hydroxyl ions. The hydrolysis of alumi nates is then not 
affected by the scarcity of hydrogen ions from aluminic acid, but by the incom- 
pleteness of the complex ion formation. 

A. Hantzsch found that the mol. conductivity of sodium aluminate soln. con- 
tinually increases with time, and this is taken to show that a fairly rapid hydrolysis 
occurs with time although no precipitation occurred in ‘JO hrs. The first product 
of the hydrolysis is alumina hydrosol, which then changes into the gel form, and 
then changes to crystalline aluminium hydroxide. G. Carrara ami G. B. Vespignani 
said that the degree of hydrolysis of potassium aluminate is fourteen times that 
of aluminium sulphate in aq. soln. 

A number of salts has been isolated from soln. of aluminium or aluminium 
hydroxide in alkali-lye, and some appear to be well-defined chemical individuals 
— salts of metaluminic acid, HA10 2 . There has been some discussion as to 
whether the alleged alkali metaluminate in soln. is a myth. E. G. Mahin and 
co-workers, for example, hold that the colloidal properties of aluminium hydroxide 
play such an important part in conditioning its solubility in bases, that there is 
room for doubt as to whether the alleged aluminates, as definite salts, exist at all. 

E. G. Mahin's arguments rest on (l) the fact that the reaction between ammonium nitrate 
and sodium aluminate precipitates a slightly greater quantity of aluminium hydroxide 
than is represented by the assumption that an aluminate, NaAl0 2 , is involved in the re- 
action : NaAlO.-f NH 4 N0 s =NH 4 A10 2 -}-NaN0j, followed by the instantaneous hydrolysis 
of the ammonium aluminate: NH 4 A10 2 -f 2H.O— NH 4 OH-f Al(OH) # , where the ratio 
[N H 4 N Oj]/[A1 2 Oj] is 2 : 1. It is therefore assumed that the precipitation is due to a coagula- 
tion of alumina hydrosol. As W. Blum showed, thoro are some disturbing factors involved 
— e g. spontaneous decomposition — which invalidate the conclusion, (ii) In tho electrolysis 
of aq. soln. of the alleged aluminate the ratio between the oxygen evolved and the aluminium 
hydroxide precipitated should be constantly 1:2. E. G. Mahin, in some cases, obtained 
rather more aluminium hydroxide than is required on the assumption that it is wholly a 
product of electrolysis but the disturbances due to re -soln. of some of the precipitate by 
'the anode liquor, and the possible spontaneous decomposition of the aluminate soul, render 
the argument inconclusive. 
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A. B. Prescott, and A. Cavazzi maintained that since a mol of sodium hydroxide 
is needed for the dissolution of a mol of aluminium hydroxide no matter whether 
the soln. be dil. or cone., the soln. must contain the metaluminate. W. Herz 
found that while freshly precipitated aluminium hydroxide behaves in this way, 
if the hydroxide be dried, an ortho-aluminate of the composition Na 2 AlU 3 is formed, 
but K. E. Slade found that the ratio of Na : A1 in the solubility determinations 
ranges from 2:1 to 10 : 1 according to the conditions of precipitation, and the 
mode and duration of the drying of the hydroxide. The solubility ratio, therefore, 
is not a good criterion for deducing a formula for the salt in soln., and there is no 
evidence for assuming that the soln. contains A1(V ' -ions ; colloidal alumina is 
always present as an unstable phase under these conditions. F. M. Lyte argued 
that in dil. soln. the aluminate is NaA10 2 , because six mols react with a mol of 
aluminium sulphate precipitating 8 mols of aluminium hydroxide, A1 2 (S0 4 ) 3 
-f tiNaAKVf 12H 2 0- 3Na 2 S0 4 “f 8A1(()H) 3 ; in cone, soln., he said, it is probable 
that some other aluminate is present. J. K. Wood’s solubility determinations of 
aluminium and of aluminium hydroxide in soln. of sodium hydroxide after allowing 
for a slight excess of alkali over the amount required to form aluminate owing to 
the partial hydrolysis of the salt, agree with the assumption that sodium meta- 
luminate is formed, but not the ortho-salt. Observations on this subject were 
also made, by H. St. C. Devillc, A. Ditte, F. Russ, A. Glassner, etc. According to 
(1. Carrara and G. B. Vespignani, the aq. soln. contains only the meta-aluminate, 
even if a large excess of potassium hydroxide is present. A. A. Noyes and 
W. R. Whitney determined the lowering of the f.p. by soln. of the sodium meta- 
aluminate, and assuming that both sodium hydroxide and sodium aluminate are 
completely ionized, the soln. of alumina in sodium hydroxide would give the same 
f.p. as sodium hydroxide alone if the aluminate be NaA10 2 , but a different f.p. if 
it be (NaAl0 2 )n, because two ions would be produced by a mol. of either NaOH 
or NaAl0 2 ; three ions, by Nu 2 Al 2 0 4 ; four ions, by Na 3 Al 3 0 6 ; etc. Observation 
showed that the f.p. of a ()-227iV-soln. of potassium hydroxide was not altered by 
the dissolution of J, j, or one gram-atom of aluminium ; a 0'465iV-soln. was not 
changed by or jj-gram-atom of aluminium ; and 0 233A-soln. of sodium or 
potassium hydroxide was not changed by J and <} mol of aluminium hydroxide or 
} and $ gram-atom of aluminium. Assuming that the hydrolysis of the soln. is 
insignificant, the work of A. A. Noyes and W. R. Whitney shows that the formula 
of the alkali aluminate in soln. is MA10 2 . If hydrolysis is appreciable, then, as 
E. G. Mahin and co-workers have shown, the conclusion is invalid because each 
mol. of NaA10 2 would furnish three ions: NaA10 2 f H 2 O^Na- { OH'-f HA10 2 , 
which would modify the f p. accordingly. R. E. Slade’s observations on the f.p. 
of the soln. also led him to conclude that the soln. of alkali aluminate contain mol. 
of NaAl0 2 . E. G. Mahin and co-workers inferred that because the heat of soln. 
of aluminium hydroxide in 1000 times its eq. of sodium hydroxide, is very small, 
being roughly only 0864 Gal. per mol., the thermo-chemical datum lends no 
support to the assumption t hat a compound is formed during the process. But, as 
W. Blum pointed out, if the heat of soln. of aluminium hydroxide is negative, as 
is the case with boric acid, this argument is of no moment. R. E. Slade’s obser- 
vations were confirmed by J. Heyrovsky for sodium and ammonium hydroxides. 

Conductivity determinations of soln. of alkali aluminate, by R. E. Slade and 
W. G. Polack, W. Blum, J. H. Hildebrand, A. Hautzsch, and G. Carrara and 
G. B. Vespignani, show that the salt of a monobasic acid is present undergoing 
hydrolysis ; no change in conductivity occurs without the simultaneous deposition 
of aluminium hydroxide. J. H. Hildebrand, and W. Blum have measured the 
variation in the cone, of the H*-iou as alkali-lve is progressively added to soln. of 
aluminium chloride while aluminium hydroxide is being precipitated, and then 
dissolved in the excess of alkali-lye. The results are indicated in Fig. 52. The 
neutralization curve with hydrochloric acid and sodium hydroxide is given for refer- 
ence. Here, the point of inflexion represents the neutralization of the soln. With 
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aluminium chloride and potassium and sodium hydroxides, say the latter, A repre- 
sents the commencement of the precipitation ; B , the completion of the precipita- 
tion. ; and 0, the completion of the soln. of the precipitate. From A to B , therefore, 
AlCl 3 4-3NaOH— Al(OH) 8 -f3NaCl ; and from B to (\ Al(0H) 3 +Na0H-2H 2 0 
-l-NaA10 2 . Consequently, since bc—^ab, the y 
results are in agreement with the assumption 10 "1 FI ~ FTTH /f 

that the metaluminates NaA10 2 and KAlOo j - J j \f{ 

exist in aq. soln., and are in opposition to to 10 I / A/, j 

the hypothesis that any marked proportion * | L j ! ; 

of aluminium hydroxide is present. The ] fe jk ! 

curve also shows that the precipitation of ^ | I K /$! ! 

aluminium hydroxide begins when the H’-ion £ _ 6 | | ]fcji Bj fe’i! § 

cone, is about 10~ 3 , and ends when that cone. § 10 j T jl ! \j^' ■ ^ 1 

is io-7. g - -\J \ £ 

N. G. Chatterji and N. K. Dhar showed ^ 

that the conductivity of a soln. of sodium J \Jm\ • }! j/j 

hydroxide is not appreciably changed by /0 ^ JJj\ i j !j / j 

the addition of aluminium hydroxide, and ,Xj ;1 1 ' ! 

hence they conclude that such soln. are cases , 0 — ) m j J j i j | I 

of true peptization, and not of chemical 10 o ‘ '/o zo ' m j‘ 50 

combination. J. H. Hildebrand failed to dLk d lj^on\ 

detect colloidal particles in aluminate soln. d c 

by means of the ultramicroscope, but if the Fl «: 52 * ,y Hli I ,l J t . i, . ,n in <liotW.iini- 
. , , , , ,, J , , , . lion of too il -urn duniiK the Pro- 

soln. IS hydrolyzed some colloidal alumina rotation of Aluminium Hydroxide, 

should be present. Hence, as R. B. Slade and and the Dissolution of the Proeipi- 

W. G. Polack have said, the ultramicroscope into m Alkali-lye (25°). 
affords no conclusive evidence either way. 

E. T. Allen and H. F. Rogers prepared a microcrystalline powder of penta- 
hydrated lithium hydrometaluminate, LiH(Al0 2 ) 2 .5H 2 0, by dissolving aluminium 
in an aq. soln. of lithium hydroxide free from carbonate. The product was washed 
once in cold water, then with alcohol, with ether, and then dried over calcium 
chloride. It is more stable towards water than sodium or potassium aluminatea, 
being decomposed only after continued boiling. It is sparingly soluble in cold water. 
No lithium aluminate other than this salt could be prepared in soln. When kept 
two weeks in vacuo over sulphuric acid at a summer’s temp., the trihydrate, 
LiH(A10 2 ) 2 .3H 2 0, was formed. Z. Weyberg obtained birefringent (possibly 
rhombic), rounded granules of lithium metaluminate, LiA10 2 , by fusing for several 
hours a mixture of silica, alumina, and lithium carbonate, in the proportions 
2vSi0 2 : A1 2 0 3 : Li®0, with an excess of sodium sulphate. F. M. .) tiger and A. Simek 
made the metaluminate by fusing a mixture of alumina and lithium carbonate at 
900°, and then at 1200°. They did not succeed in melting the carbonate at temp, 
up to 1625° ; but R. Ballo and E. Dittler said that lithium metaluminate melts 
between 1900 and 2000°, and is homogeneous on cooling. The compound can 
retain about 12 5 molar per cent, of alumina in solid soln , but beyond that pro- 
portion corundum crystallizes out. F. M. Jager and A. Simek found that it forms 
microscopic, hexagonal or octagonal, crystals with a pronounced double refraction ; 
the indices of refraction are 1604 and 1*615 for the /Mine ; and the sp. gr. is 
2*554 at 251°. 

J. J. Berzelius was unable to fuse a mixture of alumina and sodium carbonate 


! c c dlkdh solupon I 

r o c 

o. 62. Vrtiiation in the (\meonlm- 
tion of tho H'-iou during (he Pre- 
cipitation of Aluminium Hydroxide, 
and tho Dissolution of (ho Precipi- 
tate in Alkali-lye (25°). 


on charcoal before the blowpipe flame, although he said that combination occurs. 
F. G. Schaffgotsch found that a mol of alumina fused with an excess, or, according 
to E. Mallard, with an eq. amount of sodium carbonate, rapidly expels rather more 
than a mol of carbon dioxide. R. (’. Wallace showed that although the gas is driven 
off at 1100° to 12tX)°, melting does not occur under 1800°. The product on cooling 
is crystalline, and usually of a bright red colour owing to the presence of ft o trace of 
iron abstracted from the crucible. W T ith increasing proportions, of alumina, the m.p. 
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is raised so that a mixture with 81 '1 per cent, of alumina is only partially fused at 
1950°. H. Grlineberg and J. Vorster heated a mixture of sodium chloride and 
alumina in a current of steam. The fused product furnishes a white enamel with 
a conchoidal fracture. It melts readily ; dissolves easily and completely in cold 
water ; and weathers on exposure to air, forming a surface efflorescence of sodium 
carbonate. There is, here, nothing' to show that a chemical individual is produced. 
W. G. Mixter gives for the heat of formation from amorphous alumina, 
Na 2 0 f A1 2 0 3 ~2NaAl0 2 -H(HX) Cals., and from crystalline alumina, 30*00 Calp. 
C. Tissier reported aluminates, 3Na 2 0.Al 2 0 3 , i.c. Na 3 A10 3 , sodium orthoaluminate ; 
3Ntt 2 0.2Al 2 0 3 ; and Na 2 0.Al 2 0 B to be formed in the dry way; but, with no other, 
tost for the individuality of a compound than fusing molar proportions of the 
constituents, an indefinitely large number of such compounds could be obtained. 
J. A. Wilkinson said that sodium aluminate fluoresces and phosphoresces under the 
cathode rays in the same way as does aluminium oxide made by burning the metal 
in air. The residue is coloured deep blue, presumably by the soln. of sodium in the 
aluminate. The preparation of aq. soln. of sodium aluminate from bauxite, etc., and 
the general properties of the soln. have been previously described. A. Cavazzi, and 
J. G. Bogussky and J. Zaljesky obtained a viscid mass by evaporating the aq. soln. 
of sodium aluminate, but E. T. Allen and H. F. Rogers said that by repeatedly 
digesting with alcohol the cone. soln. containing equimolar proportions of A1 2 0 3 
and Na 2 (), a hard mass, possibly, dihydrated sodium aluminate, NaA10 2 .2H 2 0, is 
formed. F. Goudrian studied the system Na 2 0— A1 2 0 3 — H 2 0 at 30°, and found two 

stable salts, hexadecahydrated sodium 
trialuminate, 4Na 2 0.3Al 2 0 3 .16H 2 0, in 
diamond-shaped crystals ; and deca- 
hydrated sodium monoaluminate, 
4Na 2 0.Al 2 () 3 .10H 2 0, in needle-like 
crystals. Both salts are very hygro- 
scopic, and form incongruent sat. soln. 
The conditions of equilibrium are illus- 
trated by Fig. 53. A is a triple point 
representing the coexisting phases 
Al 2 () 3 .3H 2 0; 4Na 2 0.3Al 2 0 3 .16H 2 0 ; and 
soln. ; G, the phases 4Na 2 0.3 A1 2 0 3 . lfiH 2 0 ; 
4Na 2 ().Al 2 0 3 .10lI 2 0 ; and soln. ; and 
//, the phases 4Na 2 O.Al 2 O 3 .10H 2 O ; 
NaOH.H 2 0; and soln. The line BA 
Fig. 53. Equilibrium with the Ternary represents a soln. in equilibrium with 
System, Na 4 0 - Al,O a - H a (), at 30°. * the solid phase A1 2 0 3 .31I 2 0 ; the line AG, 

with the solid phase4Na 2 0.3Al 2 0 3 .16H 2 0 ; 
GU, with the solid phase 4Na 2 O.Al 2 O 3 .10H 2 O ; and HI, with the Bolid phase 
NaOH.H 2 0. The dotted curves Ca, Cb, and Cc represent metastable states. 
R. Fricke, and E. Grobet have made observations on this subject. C. Matiguon 
found the aluminate, NaA10 2 , melted at 1650°, and is formed from a mixture 
of alumina and sodium carbonate at 1100°-1200°. Aluminates of the type 
(n-f l)Na20.Al 2 0 8 dissociate below 1650° with the loss of sodium oxide until 
Na a 0.Al 2 0 3 is obtained. 

A grey mass, soluble in water and acids, is obtained by fusing alumina 
with potassium hydroxide or carbonate ; and soln. of potassium aluminate were 
prepared by A. B. Prescott, and A. Cavazzi as previously described, by the action 
of a soln, of potassium hydroxide on aluminium or alumina. O. Unverdorben 
evaporated a boiling soln. to a small bulk, extracted the excess of uncombined 
potassium hydroxide with alcohol, and obtained a residue with equimolar propor- 
tions of K a O and A1 2 0 8 . E. Freiuy precipitated a soln. of potassium aluminate 
with ammonium carbonate, and concentrated, in vacuo, the aq. soln. obtained by 
leachir^ a fused nature of alumina and potassium hydroxide, and obtained a 
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crystalline mass, which, after purification by re-crystallization from water, contained 
KA102-H 2 0. According to E. T. Allen and H. F. Rogers, hard, nodular crystals 
of sesquihydrated potassium ahiminate, KA10 2 .1$H 2 0, separate when tho soln. 
obtained by dissolving aluminium in 10 per cent. aq. soln. of potassium hydroxide, 
is evaporated in vacuo over sulphuric acid. If the alkali bo not in excess, the 
aluminate is hydrolyzed and crystalline aluminium hydroxide is deposited, whilst 
the metal continues to dissolve indefinitely instead of in the proportion corresponding 
with A. Cavazzi’s equation: 2A1+2K0H+2H 2 0— 2KA10 2 +3H 2 . The salt is 
insoluble in alcohol ; soluble in water with partial hydrolysis ; it is hygroscopic, 
and is decomposed by carbon dioxide. The aq. soln. was found by E. Fremy to have 
an alkaline reaction, and a caustic taste ; he also said that when the salt has been 
♦ dehydrated by heating, it is no longer completely soluble in water. F. Braun 
measured the compressibility of the soln. Many properties of the aq. soln. have 
already been indicated. P. A. von Bonsdorff noted that the aq. soln. is decomposed 
and aluminium hydroxide precipitated by carbon dioxide. L. B. (I. do Morvenu, 
C. F. Bucholz, and J. W. Dobereiner showed that acids and ammonium salts precipi- 
tate aluminium hydroxide, while aq. soln. of the alkaline earths precipitate the 
corresponding aluminates, quantitatively, according to F. Kuhlmann, in the 
case of lime-water. F. W. Bergstrom made potassium amminoaluminate, 
A1(NHK)(NH 2 ) 2 , by the action of a soln. of potassium amide in liquid ammonia 
on amalgamated aluminium. 

W. Blum found that an aq. soln. of ammonium hydroxide dissolves a small 
but appreciable amount of alumina, even when tho soln. is just alkaline to phenol- 
phthalein with a H'-ion cone, of 10~ 9 ; and, as previously indicated, E. 11. Archibald 
and Y. Habasian measured the solubility of aluminium hydroxide in that men- 
struum. By analogy with the alkali aluminates, it is here assumed that the soln. 
contains partially hydrolyzed ammonium aluminate, NH 4 A10o. W. Blum’s deter- 
mination of the II-ion cone, during the precipitation of aluminium hydroxide by 
adding ammonium hydroxide does not give any definite evidence of the formation 
of ammonium aluminate, because of the low alkalinity of the aq. soln. The 
maximum cone, of the ammonium aluminate in soln. is obviously dependent on the 
alkalinity of the resulting soln., and its ability to repress the hydrolysis of the 
aluminate. 0. Renz dismissed the possibility of the existence of ammonium 
aluminate even though by an indirect method— dissolution of aluminium hydroxide 
in baryta water, and the subsequent addition of ammonium sulphate— -he was 
able to obtain a clear soln., free from barium salt and sulphates, wdiich contained 
0'2 grm. alumina per 100 c.c. The fact that freshly precipitated aluminium 
hydroxide is readily soluble in organic amines is in agreement with the hypothesis 
that ammonium aluminate is formed in soln. J. Brezina reported the formation 
of tetramethylammonium aluminate. 

J. J. Berzelius prepared what has been called cupric aluminate, of unknown composition, 
by treating the double fluoride of aluminium and copper with ammonia. An oxcosa of 
ammonia does not extract the cupric oxide. According to J. A. Hedvall and J . Heuberger, 
when cupric oxide and aluminium oxide are hoatod together, a reaction starts at about 
700° and proceeds quickly between 750* and 850°. The product, which forms a chocolate- 
coloured powder, has, when freed from unchanged oxides, the composition CuO.A 1,0 3 , 
and is therefore of the spinel type. It is very resistant to solvents in general. When 
fused with potassium chloride, it undergoes partial decomposition, and the undocomposed 
portion crystallizes, on cooling, in well-formed cubes and octahedra. A. C. Becquerel 
separated aq. soln. of cupric nitrate and alkali aluminate by a collodion film, and obtained 
blue crystals admixed with cupric hydroxide on the membrane. A purple of Cassius in which 
the stannic oxide is replaced by alumina has been made — vide purple of Cassius (3. 23, 11). 

The early workers, F. C. Achard, A. L. Lavoisier, and J. P. J. d’Arcet, 2 tried 
heating mixtures of lime and alumina, and with the furnace temp, then available, 
they were able to fuse mixtures of alumina with 25 to 50 per cent, of lime, but not 
mixtures with a higher proportion of lime. N. G. Sefstrom found mixtures 
3Ca0-fAl 2 0 8 , and OaOd-AlA could be fused to vitreous, masses. Several 
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unmethodical observations have been made on the relations between lime and 
alumina. J. J. Kbelmen obtained corundum free from lime by fusing alumina with 
calcium chloride and boric oxide; similar results were obtained by using baryta 
in place of the calcium compound. H. St. C. Deville, C. Tissier, W. Heldt and 
E. Landrin examined the products obtained by heating various mixtures 
of lime and aluraina-thc two last-named from the point of view of cements. 
E. Solvay found that a heated mixture of calcium chloride and alumina react in 
dry air with the evolution of chlorine, and in moist air with the evolution of hydrogen 
chloride. Similar results were obtained by M. A. Gaudin with mixtures of barium 
chloride and alumina, and he made barium aluminate by the action of steam on a 
red-hot mixture of barytes, carbon, and alumina. G. Arth made barium aluminate, 
to bo used as a de-encrusting agent, by heating barytes with bauxite and extracting * 
the mass with water. The soln. deposits barium hydroxide until its sp. gr. is 1 029, 
when barium aluminate appears. E. S. Shepherd, G. A. Rankin, and F. E. Wright 
explored the binary system CaO -A1 2 0 3 , and they found evidence of the existence 
of compounds with the molar ratio CaO : A1 2 0 3 -3 : 1, 1 : 1, 5 : 3, and 3 : 5. The 

results are indicated in Fig. 54 ; they have 
been extended to ternary systems with silica, 
and applied to the chemical changes which 
occur during the manufacture and use of 
Portland cement. E. D. Campbell studied 
the formation of mixed crystals of calcium 
ferrite and aluminate. P. H. Bates investi- 
gated the cementing qualities of the four 
calcium aluminates made by heating alumina 
and lime in the necessary proportions. The 
so-called satin-white is a mixture of calcium 
aluminate with calcium sulphate. Its pre- 
paration is described by A. Cobenzl, etc. 
Pochette Frfcres prepared calcium aluminate 
almost free from other oxides by heating 
bauxite, or other aluminium ore, with lime 
and carbon or silicon, aluminium or calcium 
carbide in an electric furnace, whereby all the foreign oxides are reduced to the 
metallic state. 

0. W. Scheele found that hydrated alumina removes the whole of the lime from 
lime-water, forming an insoluble product. F. Kuhlmann added lime-water to an 
aq. soln. of potassium aluminate, and precipitated calcium aluminate, potassium 
hydroxide remained in the mother-liquor ; likewise, 0. Unverdorben precipitated 
calcium aluminate by adding a soln. of potassium aluminate to one of calcium 
chloride ; and E. IMouze, by adding calcium chloride to a soln. of alum and 
potassium hydroxide. L, N. Vauquelin prepared strontium and barium aluminates 
by the action of boiling strontia-watcr or baryta-water on aluminium hydroxide ; 
and 0. Unverdorben obtained barium aluminate as a gelatinous precipitate by adding 
a soln. of barium chloride to one of potassium aluminate ; but E. Beckmann said 
that a soln. of baryta-water and aluminium chloride reacts : 2AlCl 3 -P3BaO-pAq. 
-Al 2 0 3 -b3BaCl 2 -f-Aq. J. Heyrovsky prepared dil. soln. of aluminates of calcium, 
strontium, and barium, and measured their f.p. P. Miguet patented a process for 
making the aluminates of the alkaline earths from clays. H. le Chatelier found 
that when soln. of alkali aluminate and lime-water are mixed, crystallization begins 
very quickly and continues for hours ; the product is a mass of crystals which are 
optically active. The composition corresponds with henicosihydrated tetracalcinm 
dialuminate, Ca 4 Al 2 07.21H 2 0, i.e. 4Ca0.Al 2 0 3 .21H 2 0, and he said that at 40° 
the dodecakydrate is formed, and the compound becomes anhydrous when calcined. 
H. le r Chatelier made the crystals illustrated by Fig. 55, by fusing a mixture of one 
molar part of alumina with 1*5 to 2 molar parts of calcium oxide. Unfortunately, 
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said he, the fused masses are not completely crystallized, and even after recalculation 
a vitreous part remains which causes a little uncertainty as to the exact composition 
of the crystallized aluininate. The work of E. S. Shepherd, G. A. Rankin, and 
F. E. Wright, Fig. 54, shows that tricalcium dialuminate, CagALOg, or 3Ca0.Al 2 0 3 , 
is unstable at its m.p., so that there is no true m.p., although all is completely fused 
at 1550°. Both CaO and 3CaO. A1 2 0 8 separate at 1531 °, while along the liquidus curve 
BC , Fig. 54, the compound 3Ca0.Al 2 0 3 is the stable phase. Consequently, it is 
probable that both N. G. Sefstrom, and C. Tissier made this compound. E. I). Camp- 
bell found that the tricalcium aluminate may be crystallized from a soln. of calcium 
oxide in 5Ca0.3AL0 3 as solvent provided the cone, of the calcium oxide at the 
beginning of the crystallization is sufficient to form the tricalcium aluminate with 
all the alumina. E. S. Shepherd, G. A. Rankin, and F. E. Wright showed that the 
crystals belong to the cubic system ; the fracture is conchoidal ; the hardness is 
f> ; and the isotropic crystals have an index of refraction WIO + O WI with Na-light. 
This compound is an important constituent of Portland cement clinker. When 
in contact with water, it yields the amorphous hydrate, 3Ca0.Al 2 0 3 .)<lM), which 



Km. 55. Crystals of Tricftleium Aluminate, Km. 5(5. Hydration of Triealciuin 
Ca 3 Al a Ofl. or Cft 3 Al 4 O t . IJialurninat*. 

slowly crystallizes. H. le Chatelier represented the hydration process by the 
equation: 3Ca0.AL0 3 -f Cn(OH) 2 -f A(j. Al 2 0 3 .4(’a0.12H 2 0. The effect of the 
hydration is shown in Fig. 56. E. Candlot showed that the formula of the hydrated 
salt is more probably 3CaO. Al 2 0 3 .?tH 2 0. C. Lowig claims to have made it by boiling 
alkali aluminate with lime-water ; but E. T. Allen and II. F. Rogers showed that 
by adding an aq. soln. of potassium aluminate to hot lime-water, the hexahydrated 
salt, 3Ca0.Al 2 0 3 .6H 2 0, is precipitated. They also prepared hexahydrated tri- 
gtrontium dialuminate, Sr 3 Al 2 0g.6H 2 0, by boiling aluminium with cone, strontia- 
water ; hydrogen is evolved, but no further action then occurs, and in the cold, the 
metal dissolves, and the salt separates. The same compound is better obtained 
by adding a soln. of potassium aluminate, containing an excess of potassium 
hydroxide, to a hot sob. of strontium chloride or hydroxide ; it forms a white, heavy, 
granular, crystalline powder sparingly soluble in water, by which it is only slowly 
decomposed, and it is sensitive to the action of carbon dioxide. It resembles 
closely the corresponding calcium compound. E. Beckmann obtained hydrated 
tribarium dialuminate , Ba3Al 2 0 8 .7'5 to I1H 2 0, or 3 Ba 0 .Al 2 03.7 5 to 11H 2 0, by 
evaporating a soln. of a mol of dibarium dialuminate, 16 mols of barium hydroxide 
in 30 parts by weight of boiling water. The badly-developed crystals bfrve water 
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of crystallization dependent on ’the temp, of evaporation. The salt is sparingly 
soluble in cold water, and 100 parts of boiling water dissolve 6*7 parts of salt ; the 
aq. soln. on evaporation gives a mixture of barium hydroxide and dibariura 
dialuminate. At 100°, the salt has 6*5-7 *0H 2 O ; at 150°, 6H2O ; at 165°, 3H 2 0; 
at 225°, 2H 2 0 ; and much water is retained by all the hydrated barium aluminates 
at the m.p. of potassium dichromate, a temp, at which barium hydroxide becomes 
anhydrous baryta. No oxygen is absorbed if the salt is heated in a current of air ; 
but in a stream of carbon dioxide, two mols of the gas are absorbed. 

C. Zulkowsky obtained a porcelain-like mass by sintering a mixture of a mol 
of alumina with two mols of calcium oxide at about 1500°. When treated with 
water, it breaks down into calcium and aluminium hydroxides : 2Ca0.Al 2 0 3 -f 4H 2 0 
~Al20(0H) 4 } 2Ca(OH) 2 . E. Dufau could not prepare dicalcium dialuminate, 
2Ca0.Al 2 0 3 , or (!a 2 Al 2 ()5 ; nor did E. S. Shepherd, G. A. Rankin, and F. E. Wright 
obtain any evidence of the formation of such a compound in their study of the 
binary system, Fig. 52. E. T. Allen and H. F. Rogers obtained the hexa- or hepta- 
hydrate, Ca 2 AI 2 O r> .6 or 7H 2 0, by dissolving aluminium in lime-water kept saturated 
with calcium hydroxide. After some days, crystals of the salt appear on the metal ; 
these are scraped off and washed with water, then with alcohol, and finally in ether. 
The salt is very sparingly soluble in water and very slowly decomposed by that 
menstruum. 0. Zulkowsky heated a mixture of the 2 mols of baryta with one of 
alumina and obtained what he regarded as dibarium dialuminate, 2Ba0.Al 2 0 3 , 
or Bu 2 A1 2 0 6 , which, lie said, behaves like the calcium salt towards water. According 
to E. T. Allen and H. F. Rogers, aluminium dissolves vigorously in hot cone, baryta- 
water, forming a heavy crystalline powder which, after washing with cold water, and 
then with alcohol, has the composition Ba 2 Al 2 0 6 .5H 2 0, or 2Ba0.Al 2 0 3 .5H 2 0. 
It is moderately soluble in water, and easily decomposed thereby. E. Beckmann 
boiled precipitated aluminium hydroxide with more than the calculated quantity 
of baryta- wafer ; filtered the soln. ; and on evaporation obtained crystals, which, 
according to A. Kock, are triclinic pinacoids with axial ratios and angles 
a :b:c -0*8545 : 1 : 0-9888 and a - 99° 20*5', /3 -91° 52', and y-l()9° 26 5'. The 
crystals decrepitate if rapidly heated, and when slowly heated to 125°, lose no 
appreciable quantity of water ; at 155°, they lose 2 mols of water ; at 180°, they 
gradually lose more water, but at 300°, one mol of water is still retained and is 
expelled only at a red heat. The salt is sparingly soluble in cold water, and 100 parts 
of hot water slowly dissolve 5 parts of the salt. The soln. is more or less turbid, 
and reacts alkaline, but on crystallization furnishes the original salt. The soln. 
is decomposed by carbon dioxide, and the dry salt absorbs that gas. 

According to E. S. Shepherd, G. A. Rankin, and F. E. Wright, the well-defined 
maximum in the f.p. curve of lime and alumina, Fig. 54, at 1386° corresponds with 
the formation of pentacalcium hexaluminate, 5Ca0.3Al 2 0 3 , or Ca 5 Al 6 0 ]4 . The 
eutectic 3Ca0.Al 2 0 3 — 5Ca0.3Al 2 0 3 occurs at 1382° with 51 per cent, of alumina. 
The crystals are isotropic and belong to the cubic system ; the fracture is conchoidal ; 
the sp. gr. is 2 828 at 25725° ; the hardness 5 ; and the refractive index for Na-light 
1*608 + 0*(K)2— the refractive >index of a glass of the same composition is 1*662. 
Solid soln. were looked for but not found. This compound also occurs in an unstable 
form which readily changes to the isotropic form. It is obtained in radial, fibrous 
aggregates by rapid cooling: the hardness is 5 ; therefractiveindexa ^1*687 ±0*002; 
y—l*692± 0 002 ; the birefringence is weak and negative. The crystal form is 
probably rhombic. In contact with water, this compound decomposes, producing 
amorphous 3Ca0.Al20 3 .nH 2 0, and aluminium hydroxide. G. Friedel heated in a 
platinum-lined, steel tube to 500°, six grins, of calcium oxide with a soln. of alu- 
minium chloride (eq. to 3grms. of metal) in 40-55 c.c. of water. The thin, tabular, 
rhombic crystals of trihydrated tetracalcium hexaluminate, 4Ca0.3Al 2 0 3 .3H 2 0, or 
Ca4Alft0i 3 .3H 2 0, so obtained had the axial ratios a : b : c— 0*5176 : 1 : 0*7463. No 
sign of a tetracalcium hexaluminate appears on the equilibrium diagram, Fig. 54. 

E. S. Shepherd, G. A. Rankin, and F. E. Wright prepared the spinel analogue 
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calcium metalumin&te, Ca(A10 2 ) 2 , or CaO.Al.2O3, and it appeared as a maximum 
on the f.p. curve, Fig. 54, at 1587°, The eutectic 5Ca0.3Al 2 0 3 — CaO.Al 2 0 3 is at 
1382° and 53 per cent. A1 2 0 3 . Hence, the compound was probably made by 
N. G. Sefstrom, C. Zulkowsky, Rochettc Fr&res, H. St. (’. Deville, and J. J. Ebelmen. 
By heating a mixture of 100 parts of alumina and GO parts of calcium oxide to 
a high temp, in an electric furnace, E. Dufau obtained this same compound in 
colourless needles, but he did not succeed in making polycalcium aluminates in this 
way. The excess of admixed calcium oxide is removed by boiling the powdered 
mass with alcohol containing one per cent, of nitric acid, and washing the residue 
with alcohol and finally with ether. E. S. Shepherd and co-workers did not obtain 
single crystals of this compound ; the elongated needles and prisms are intricately 
twinned individuals. The birefracting crystals belong either to the monoclinic or 
triclinic systems — probably the former. E. Dufau gave 3*671 for the sp. gr. at 20", 
and he said that the crystals are softer than glass. E. S. Shepherd and co-workers 
said that the hardness is about 6*5 ; the extinction oblique ; the birefringence strong, 
about 0 002 ; and the refractive indices for Na-light are a - 1*641 + 0 002 ; j3 T654 
+ 0 003 ; and y -1661 ± 0 002. Calcium metalumiuate like the analogous beryllium 
salt, chrysoberyl, and like calcium chromate, and calcium ferrite, does not belong 
to the group of spinels. According to E. Dufau, the compound is quite stable in dry 
air. C. Zulkowsky said that with water it is decomposed and sets hydraulically 
Ca( A10 2 ) 2 ' j- 21I 2 0 — 2 AIO(OH) -|- Ca(OH) 2 : E. S. Shepherd stated that it is attacked 
slowly by cold and rapidly by hot water, forming amorphous 3CaO.Al2O3.nH2O, 
and Al(OH) 3 . According to E. Dufau, it is readily soluble in hydrochloric acid, 
and but slightly affected by nitric, sulphuric, or hydrofluoric acid. Fluorine attacks 
it only when assisted by heat ; but chlorine, bromine, iodine, or sulphur has no 
action at the softening temp, of glass. It is decomposed when heated with potassium 
carbonate or hydroxide ; and when heated with carbon in the electric furnace, it 
forms calcium and aluminium carbides. E. T. Allen and H. F. Rogers prepared 
tetra- or penta-hydrated strontium metaluminate, Sr(Al0 2 ) 2 .4 or 5H 2 0, as a 
gelatinous mass, not in a pure condition, by the action of cold Btrontia- 
water on aluminium ; they also reported pentahydrated barium metaluminftt6» 
Ba(A10 2 ) 2 .5H 2 0, to be formed as an amorphous powder by dissolving aluminium 
in a cold sat. soln. of baryta-water. The powder is easily decomposed by water 
and by carbon dioxide. H. St. C. Deville obtained a tetrahydrate by calcining 
a mixture of alumina with barium nitrate or carbonate, crystallizing the aq. ext ract, 
and recrystallizing from an alcoholic soln. E. Beckmann reported a hexakydratc 
which E. T. Allen and H. F. Rogers believe to be really the pentahydrate. 
J. A. Iledvall and N. von Zweigbcrgk thought a compound was formed when 
barium dioxide is heated with alumina. 

The equilibrium diagram, Fig. 54, shows that a eutectic between CaO.Al 2 O a 
— 3Ca0.5Al 2 03 occurs at 1580° with 67*5 per cent, of alumina ; but triCAlcium 
decaluminate, 3Ca().5Al 2 0 3 , or Ua 3 Al 10 Oi 8 , breaks down at about 1710°, and has 
no true m.p., although it is quite fused at 1725°. The crystals are rounded and 
belong either to the tetragonal or hexagonal system. The hardness iH about 
65. The birefringence is fairly strong, 0032, and the refractive index for 
Na-light is <o-l*617 ±0002, and e= 1*651 ±0*002. There is an unstable form of 
this compound with a sp. gr. 3*05 at 25°/25°. The relation between the two is 
monotropic, but even when rapidly quenched the unstable form inverts so readily 
that homogeneous crystals could not be obtained. The crystals are probably 
rhombic. The hardness is 5*5 to 6 0 ; the birefringence is about 0 01 3 ; the refractive 
index for Na-light is a-l*662± 0 003 ; j8-l 671 ±0 002 ; and y- 1*674 ±0*002. 

E. Candlot found that when calcium aluminate is treated with calcium chloride, 
calcium chloroaluminate, 3CaO.CaCl 2 Al 2 O3.10H 2 O, is formed. It is decomposed 
by contact with water, and is said to be momentarily formed during the action of 
a sat. soln. of calcium chloride on the anhydrous aluminate. According to 
H. Steinmetz, calcium chloroaluminate, Ca(CaCl)A103.5H 2 0, has a transition point 
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at 35-8°, and its vol. then decreases. E. Candlot also obtained caldum trioxytri- 
sulphatodi alumina te, 3CaO.3CaSO4.Al 2 O3.30H2O, by the action of Galcium sulphate 
on the aluminate. This product is formed during the destructive action of 
sea-water on Portland cement. H. Kiihl and H. Albert prepared calcium 
trisulphatodial umin ate, Ca 3 02(A10 2 )2.3CaS0 4 , by heating lime-water and a soln. 
of aluminium sulphate separately to various temp, between 0° and 100°, mixing 
the soln. in theoretical proportions, and maintaining the mixture at the same 
temp, for various periods up to 28 days. Below 40°, a precipitate consisting of 
minute needles of the salt was readily formed, but above 40°, a much smaller 
quantity of the salt (contaminated with a variable amount of calcium hydroxide, 
which is less soluble in hot water) was formed. This is supposed to furnish an 
explanation of the smaller expansion during the setting of mixtures of gypsum 
and portland cement above 40° than below that temp. 

Barium aluminum has been recoin mended for the removal of calcium sulphate from 
boiler water on the commercial scale, it is found that a quantity of barium aluminate 
less than is required by the equation, BaAl 2 0 4 -f CaS0 4 = BaS0 4 + CaAlo0 4 , is sufficient to 
precipitate the sulphate ; the resulting liquid, however, is not entirely froe from dissolved 
salts, and is always found to contain lime in soln. The subject has also been discussed by 
1). A. PeniukofT. A. Winkler sintered mixtures of alumina, potassium hydroxide, and 
lime, and tho products have been eallod potassium calcium almninates , although there is 
nothing to show that chemical individuals were formed. 

The occurrence of the rare mineral chrysoberyl has been described in connection 
wit h beryllium. It is not the chrysoberyl of the ancients, for that is a variety of 
beryl. A. G. Werner 3 called it krisoberil ; D. L. G. Karsten, D. G. J. Lenz, etc., 
called it chrysoberyl ; and R. J. Haiiy, cymophane. It was analyzed by M. H. Klap- 
roth, J. A. Arfvedson, 11. Seybert, G. Bergcmann, A. von Awdeeff, A. Daniour, etc. 
Alexandrite was described by N. G. Nordenskjold. Chrysoberyl approximates in 
composition to beryllium aluminate, Be(A10 2 )2- J- J- Ebelmen obtained it by ■ 
melting a mixture of alumina, beryllia, calcium carbonate, and boric oxide for about 
3 days at lf>(X)°— 1 600° ; P. Hautefeuille and A. Perrey heated a mixture of 
alumina, beryllia, potassium sulphate, and carbon to about 1100° for 4 hrs. ; washed 
the cold product with acidulated water ; removed the excess of beryllia with sul- 
phuric acid, and the excess of carbon by oxidation. H. St. 0. Deville and H. Caron 
heated a mixture of aluminium and beryllium fluorides in a carbon crucible arranged 
within a smaller carbon crucible, containing fused boric acid, embedded in the centre 
of the mixture. In a few hours, fine crystals of chrysoberyl were obtained. 
A. Lacroix obtained crystals of chrysoberyl by heating a beryllium salt with cryolite, 
and a silicate. If a chromium compound is present in the above syntheses, green 
crystals of alexandrite are obtained. The crystals are pleochroic, and they were 
found by G. Melczer to be pseudohexagonal, rhombic bipyramids with axial ratios 
a : b : c-=0*4707 : 1 : 0 5823. L. Frischmann studied the twinning of the crystals. 
The crystals have a formal resemblance to those of olivine. J. J. Ebelmen gave 
3*759 for the sp. gr., and the hardness is 8 5. A. Reis and L. Zimmermann discussed 
the hardness of chrysoberyl. L. F. Nilson and 0. Pettersson gave 0*2004 for the 
sp. ht. ; G. Melczer gave for the three refractive indices a, j3, y, 1*7440, 1*7431, and 
1*7489 respectively for Li-light ; 1*7443, 1*7470, and 1*7530 for Na-light; and 
1*7474, 1*7503, and 1*7566 for Tl-light. The double refraction is positive, 
y— a “0*009. 

According to H. Abich , 4 if equi-molar parts of magnesium and aluminium 
salts be mixed in aq. soln. with enough ammonium chloride to keep the magnesium 
in soln., the addition of ammonia precipitates the aluminium and nearly all the 
magnesium as hydroxides so as to form a kind of hydrated spinel ; J. N. von Fuchs 
found the precipitate contained much ammonia. According to W. Heldt, some 
aluminium hydroxide is precipitated by adding magnesium hydroxide to a soln. 
of an aluminium salt ; and magnesium sulphate gives a white gelatinous precipitate 
when added to a solm of potassium aluminate, but calcined magnesia is not changed 
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in an aq. soln. of potassium aluminate. J . Heyrovsky made a dil. soln. of magnesium 
aluminate and measured the f.p. J. J. Berzelius was unable to fuse a mixture of 
alumina and magnesia at the temp, of a smith’s forge, but a calcined mixture of 
alumina with half per cent, of magnesia evolves much heat on being moistened with 
water, and when extracted with hydrochloric acid leaves a residue of magnesium 
aluminate. W. Heldt also made somewhat analogous observations with mixtures 
of alumina and magnesia. E. S. Shepherd, G. A. Rankin, and F. E. Wright found 
only one well-defined magnesium aluminate, Mg0.AL>0 3 , or Mg(A10.>).,™ artificial 
spinel — on the f.p. curve of mixtures of alumina and “magnesia. Tim solid phases 
between 0 and 71*6 per cent, of alumina are magnesia and magnesium aluminate; 
the eutectic is at 1956 ; and the solid phases between 71 '6 and ltX) per cent, of 
alumina are magnesium aluminate and alumina. J. .1. Ebelmen obtained crystals 
of artificial spinel by heating a mixture of alumina, magnesia, calcium carbonate, 
and boric oxide — the crystals were coloured red if a small proportion of chromium 
be included; blue with cobalt; and black with ferric oxide -the cold, crushed 
mass was washed with hot cone, hydrochloric acid. W. Guertler used alkali meta- 
borate as the solvent. E. Dufau heated a mixture of alumina and magnesia in an 
electric furnace, digested the cold mass with nitric acid, and separated the crystals 
of spinel with a heavy liquid — methylene iodide ; no basic aluminate was obtained, 
but S. Meunier said that a basic magnesium aluminate can be obtained by melting 
magnesia, and cryolite with a large excess of alumina. Needle-like crystals, accom- 
panied by corundum, occur in the cold mass, S. Meunier also made spinel by fusing 
a mixture of alumina, magnesia, cryolite, and aluminium chloride- without the 
latter, no spinel was formed ; nor was it produced from a mixture of magnesia, 
alumina, and fluorspar, or from a mixture of magnesia and cryolite. He also 
prepared crystals of spinel by heating water, aluminium chloride, and magnesium 
in a sealed tube ; A. Daubree obtained spinel and corundum by passing the vapour 
of aluminium chloride over heated magnesia or by heating a mixture of lime with 
magnesium and aluminium chlorides. J. Morris made spinel by stirring an 
intimate mixture of carbon, and aluminium and magnesium chlorides into a paste 
with water ; moulding the mass into briquettes ; and heating the dried briquettes 
to redness in a stream of carbon dioxide for 50-500 hrs. 

J. Morozowicz studied the conditions of formation of spinel in silicate magmas. 
W. Vernadsky observod spinel in tho product obtained by fusing biotite ; C. I Joel ter, 
elinoehlore, and tourmaline ; F. W. Clarko and K. A. Schneider, elinochloro, and xantbo 
phyllito ; W. Salomon, tourmaline, pyrope, and spessarite ; F. FouquA and A. Miehol-Lnvy, 
a mixture of nephelite and augite ; C. JJoelter and E. Hussak, a mixture of fayulito and 
sarcolite ; M. Vucnik, a mixture of magnetite and anorthite ; and B. Vukits, mixtures of 
elaeolite and augite or corundum. F. W. Clarke discussed the bearing of these observations - 
on tho occurrence of spinel in nature. 1*. Niggli studied the ternary system A 1,0, 
-MgO-CaO. 


Spinel, or magnesia spinel, occurs in colourless, holosymmetric crystals belonging 
to the cubic system. V. S. Deleano and E. Dittler measured the velocity of crystalli- 
zation of spinel from the molten state. W. H. Bragg, L. Vegard, M. L. Huggins, 
P. F. Kerr, and S. Nishikawa found that the X-radiogram of magnesium aluminate 
corresponds with the cubic lattice of the diamond. W. Hermann’s experiments on 
the action of oxidizing and reducing gases on heated spinel led him to the belief that 
the oxides of iron act as tinctorial agents in the blue and green spinels. It is found 
in nature coloured red with chromium oxide, and this variety has been regarded as 
a gem-ston e, precious spinel, from very early times ; to distinguish it from ruby, it 
is also called ruby spinel (deep red), or halos ruby (rose red) ; yellow or orange-red 
spinel is also called rubiceUe ; and violet spinel, almadine. Theophrastus in his 
IV A.t0w refers to the AvOpaxlvos, so called because it is not injured by fire; the 
term is usually translated as carbuncle, and Pliny in his Historia naturalis (37. 
25-29) refers to the lychnis, and to the carhunculus, so called because of its resemblance 
to fire. It is generally supposed that these terms refer to what are now known as 
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spinel ruby, and corundum ruby. G. Agricola, C. Cappeller, and J. G. Wallerius 
also confused these minerals. J. B. L. Rom6 de l’lsle first clearly demonstrated 
the difference in the crystal forms of rubis spinelle and corundum ruby. Analyses 
have been published by J. J. Berzelius, T. Thomson, H. Abich, T. Scheerer, A. Erd- 
mann, F. Bisani, H. Rose, A. Damour, A. Hilger, etc. The sp. gr. of ruby spinel 
is 3*548 and of blue spinel 3*542, according to J. J.Ebelmen, and 3*57 at 15 °, according 
to E. Dufau- the sp. gr. of corundum is greater than this. Similarly the hardness 
of spinel ruby, 8*0, is smaller than that of corundum ruby, which is 8*8 to 9*0. A. Reis 
and L. Zimmermann gave 8*0 for the hardness of spinel. H. Fizeau found the coeff. 
of cubical expansion of Singalese ruby spinel to be 0 00001 787 at 40° ; and H. Kopp 
gave 0194 for the sp. lit. between 14° and 47°. The refractive index is high, but 
smaller than that of corundum ruby. A. des Cl oizeaux found for ruby spinel, 
1*7121 for the Li-ray, 1*7155 for the Na-ray, and 1*726 for the blue ray ; and for a 
blue spinel G. Melczer obtained 1*7185-1*7200 with Na-light. O. Miigge observed 
radioactive haloes in some specimens of spinel. E. Dufau said that spinel is 
attacked with difficulty by chlorine, bromine, or iodine, but it is attacked, when 
warm, by fluorine; hydrofluoric and hydrochloric acids attack it with difficulty. 
H. Abich also found that hydrochloric acid has very little action on spinel, and he 
noted that sulphuric acid dissolves about one-third when the mixture is heated 
until the acid begins to evaporate ; E. Dufau found that sulphuric acid has very 
little action on spinel, and A. Mitscherlich found that spinel dissolves in 2 hrs. in a 
mixture of sulphuric acid (3 : 1) ; or when boiled in a mixture of sulphuric and 
hydrofluoric acids. II. Abich said spinel is not at all attacked by nitric acid. 

E. Dufau found that spinel is not reduced by carbon in the electric furnace ; it is 
not attacked by fused alkali carbonate, but it is readily decomposed by fused 
alkali hydroxide. F. H. Riddle described the manufacture of tubes and crucibles 
from spinel. 

E Floukstollor 8 found a hydrated magnesium aluminium hydroxido as a sneondary 
nnnerul on serpentine at Snarurn, Norway, and ho called it hydrotaleite because it looked 
like talc ; 11. Hermann called a specimen from Shishimsk, Ural, vulbicrite— after 
j P” X ^ ,,or ’ an( ^ ft r °Iatod mineral from Oxbow and Somorville, Now York, was culled 
o w’ it Shepard, hough ite -after F. B. Hough. Analyses were made by It. Hermann, and 
S. W. Johnson. The composition approximates Al(OH) 3 .3Mg(OH) 2 , 3H-0, or Mg,A10.t)H 2 0. 
the crystals are hexagonal ; the sp. gr. is 2-04 to 2*09 ; and the hardness 2. W. W. Coblontz 
found the ultra-red transmission spectrum has bands at 7 *5u, 2 u, 3 u, and 4*7u. The 
opacity is complete at 0/x. There is a band at 9*9/4 in the ultra-red reflection spectrum. 

In 1806, G. Ekeberg 6 analyzed the zinc analogue of spinel found in some schists 
at kahlun (Sweden), and he named it automolite , from ai'To/mAos, a deserter, in 
allusion to the zinc occurring in an unexpected place; but C. E. von Moll objected 
to such an idea in nature, and called it gahnite, after J. G. Gahn, the discoverer. 
Analyses by G. Ekeberg, H. Abich, F. A. Genth, T. Thomson, A. Damour, 

F. von Kobell, h. Bisani, F. Mauro, J. I). Dana, H. Hedstrom, etc., correspond with 
the formula for zinc aluniinate, Zn(A102)2- More or less ferrous iron may replace 
the zinc , aud in the dgsluite of W. II. Keating, and in the kreittonnite of F. von 
Kobell, some ferric iron replaces the alumina, and some manganous oxide the 
magnesia— possibly isomorphous mixtures or solid soln. ; franklinite , (Zn,Mn)Fe 2 0 4 , 
and magnetite, 40(1*002), ®ml chromite , J*e(Cr 02 ) 2 , may bo regarded as advanced or 
extreme stages in the substitution, or extreme members of the series of mixed crystals. 

J. J. Berzelius found that aluminium hydroxide abstracts zinc oxide from the aq. 
soln. of ammoniacal ziuc oxide ; and zinc aluminate is precipitated from the same 
soln. by adding a sat. soln. of potassium aluminate. T. Sander found a precipitate 
is obtained on mixing soln. of potassium aluminate and zincate. J. J. Ebelmen, 
and J, R. Mourelo synthesized gahnite by heating a mixture of zinc oxide, alumina, 
and boric oxide ; S, Meunier, by heating to bright redness a mixture of alumima, 
zinc oxide, cryolite, and aluminium chloride. A. Daubr^e, by passing the vapours 
of aluminum and zinc chlorides over red-hot lime ; H. St. C. Deville and H. Caron, 
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by vaporizing a mixture of zinc and aluminium fluorides in the presence of boric 
oxide. A. Stelzner found gahnite in the walls of a zinc muffle at Freiberg, and 
G. J. Brush at New Jersey. W. Biltz regarded the violet colour of zinc aluminate 
as a result of the union of compounds of elements in different states of oxidation. 
E. V. Shannon described a blue cobaltiferous gahnite from Maryland. The crystals 
are cubic and are isomorphous with spinel. W. H. Bragg studied the X-radio- 
gram ; and M. L. Huggins, the electronic structure. According to J. J. Ebelmen, 
the sp. gr. is 4*58, and the crystals are harder than quartz. H. Hedstrbm gave 139 
for the sp. gr., and W. Ortloll 75 to 8 for the hardness. A. Keis and L. Zimnierimum 
gave 8 0 for the hardness of zinc spinel. II. Kosenbuch gave 1765 for tin* refractive 
index. According to J. J. Berzelius, gahnite bakes together when heated with 
sodium carbonate but is not dissolved ; it is slightly soluble in fused borax or micro- 
cosmic salt ; but fuses to a clear glass with a mixture of borax and sodium carbonate. 
Gahnite is virtually insoluble in acids and alkali-lye. J. J . Ebelmen failed to prepare 
cadmium aluminate by heating a mixture of alumina, cadmium oxide, and boric 
oxide, for aluminium borate was formed, while the cadmium volatilized. 

J. Smithson 7 described plomb-gomme as a native hydrated lead aluminate— vide 
lead phosphates. E. J. Kohlmeyer found it difficult to melt lead oxide and alumina 
because at the necessary temp, lead oxide rapidly volatilizes. A. Stavenhagen 
and E. Sckuchardt found that the product has a blue cathodoluminescence. 
L. F. Hawley made thallous aluminate, T1 4 A1 2 0 5 .7H 2 0, by the dissolving alu- 
minium in a cold soln. of thallous hydroxide. It is insoluble in absolute alcohol, 
and readily soluble in dil. acids and alkali hydroxides. It is slowly hydrolyzed 
by water, and the aq. soln. is decomposed by carbon dioxide, forming thallous 
carbonate and aluminium hydroxide. 

J. J. Ebelmen 8 prepared crystals of manganous aluminate, Mn(A10 2 ) 2 , nr 
manganese spinel , belonging to the cubic system by heating a mixture of alumina, 
manganous oxide, and boric oxide for three days to 1500 —1 GOO ; and E. Dufau, 
by heating a mixture of aluminium and manganic oxide in an electric furnace. 
The mass was treated with boiling hydrochloric acid. J. A. Krenner found crystals 
of manganese spinel in some blast furnace slag ; dysluite may be regarded as man- 
ganese spinel in which much of the alumina has been displaced by ferric oxide- - 
vide supra. According to E. Dufau, the sp. gr. of manganese spinel at 20° was 
412; the crystals scratch quartz. The salt is easily oxidized when heated in air, 
and rapidly attacked by chlorine ; at a red heat with fluorine it becomes mean- 
descent. Sulphur, bromine, and iodine react at the softening temp, of glass. It 
is insoluble in hydrochloric acid, is attacked by hydrofluoric and nitric acids, and 
readily dissolved by sulphuric acid. Fused potassium chlorate, nitrate, hydroxide, 
and carbonate easily decompose manganese spinel. 

The ferrous analogue of spinel, ferrous aluminate, Fe(A10 2 ) 2 , i.e. iron spinel, 
is represented by the mineral hercynite , discovered at Ronsberg by F. X. M. ZipP<V 
and named from the Latin term for the Bohemian Forest —silva hercyma. Inc 
mineral was analyzed by B. Quadrat. It occurs as black magnetic specks in the 
Saxon granulites. It also occurs massive and granular; it is black in colour ; 
its sp. gr. is 3*91—3*95 ; and its hardness is 7 5-8. J. J. Ebelmen obtained a mass 
covered with brown intersecting needles by heating a mixture of alumina, ferric 
oxide, and boric oxide for three days at 1500°-1600°. The minerals spinel ruby, 
hercynite, gahnite, magnetite, magnesioferrite, Mg(Fe0 2 ) 2 , jacobsite, Mn(rcU 2 ) 2 , 
franklinite, (Zn, Mn) (Fe0 2 ) 2 , and chromite, Fe(Cr0 2 ) 2 , form a natural group ot 
cubic minerals, M"R 2 '"0 4 , in which there are many intermediate forms. lhe 
basic element may be magnesium, ferrous iron, zinc, or manganese ; and where 
R'" may be tervalent aluminium, iron, manganese, or chromium. 


In illustration, the ceylanite of J. C. Delam<Hherie, the zeyhntie of D. L. G. Karsten, 
the pleonaste of R. J. Haiiy, the ceylonite of C. F. Rainmelsberg, and the candite of Comte 
de Bournon is an iron-magnesia spinel, varying in colour from dark green, brown, or block, 
and have a composition corresponding with isomorphous mixtures represented by 
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(Mg, Fe)0.(AJ, Fe) 2 0 3 . Thom; minerals have been reported in gametiferous gneisses, and 
metamorphic rocks. The no-eaHed chlorospinel occurs in grass-green or greyish-green 
regular octahedrons, of Hp. gr. 3-593, and is considered by 14. Rose to be a magnesia spinel 
with part of the alumina replaced by ferric oxide. It also contains about 0*27 per cent, 
of copjier oxide. The mineral pirotite is a chroine-ceylonite and was first described by 
Picot de la Peyrouse and named bv J. C. Delametherie Iherzolite from Lherz, where the 
mineral was first obtained as heavy black grains in olivine rocks ; it is also found in serpentine. 
.). K. \V r . Charpentier named the mineral picotito after its discoverer. It contains about 
7 per cent, of chromic oxide as well as magnesia, alumina, and ferrous and ferric oxides — 
(Mg. Ke)O(A), Fe,G r) z 0 3 . The hogbomite. of A.Gavelin approximates Mg0(Al 2 0 3 .Fe 1 0 a .Ti0 2 ) i . 
It occurs in Swedish Lapland. The sp. gr, is 3 81 ; the hardnegs, 6J ; the axial ratio a : c 
of the rhombohedral crystals is 1 : 155; and the indices of refraction, cu— 1*853, and 
c 4-803. 

About the end of the eighteenth century, J. G. Gahn 10 discovered the fine blue 
colour which is produced when alumina, or a substance containing alumina as 
free as possible from iron, is ignited with a salt of cobalt. It was mentioned by 
C. F. Wenzel. J. .1. Berzelius described it in 1812. The colour is improved if 
phosphates or arsenates are present, and the product obtained by calcining a 
mixture of alumina with cobalt phosphate or arsenate was described by 
fj. ,J. Thenard ; and the colour produced by calcining alumina with cobalt oxide 
or cobalt salts came to be called Thenard's blue , or coball-ultramarine , Leyden blue , 
or Leithner'a blue. According to P. Louyct, a mixture of cobalt and aluminium 
hydroxides does not assume the true blue colour at a temp, below the m.p. of glass, 
a red heat renders the mixture black or grey ; but if cobalt phosphate or arsenate 
is used, the blue is developed at a red heat. J. J. Ebelmen did not succeed in 
making crystals of cobalt aluminate, Co0.A1 2 0 3 , analogous with the spinels by the 
process he employed for other spinels —vide supra. W. Stein, and S. Burgstaller 
regarded Thenard’s blue as a solid soln. of cobalt oxide in alumina. J. A. Hedvall 
heated the mixture of the two oxides with potassium chloride and obtained crystals 
of cobalt aluminate which he regards as a true chemical compound— sp. gr. 4*37 
at 18°. He also obtained a green aluminate, 4Co0.3Al 2 0 3 . M. linger also prepared 
cobalt aluminate ; and he showed that the green intermediate product obtained 
by heating the mixture of cobalt oxide and alumina at 900° is a solid soln. of 
aluminate. 
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§ 13. Aluminium Fluoride 

The mineral jluelUtc, A1F 3 .H 2 0, was discovered by A. Levy 1 in 1824. It is a 
rare mineral— colourless or white, with or without a tinge of yellow — found at 
Stenna*gwyn (Cornwall) in minute crystals along with wavcllite and uranite on 
quartz. In 1824, J. J. Berzelius 2 dissolved alumina in hydrofluoric acid, ai\d 
on evaporation, obtained a syrup which formed a hydrated gum-like mass 
dissolving slowly in cold water and rapidly in hot. J. J. Berzelius noted that 
when heated, the hydrated compound loses hydrogen fluoride and forms a basic 
aluminium fluoride; indeed, L. Schuch converted aluminium fluoride into alumina 
and hydrogen fluorine by heating it in a stream of water vapour, 2AlF 3 -f-3H 2 0 
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^A1 2 0 3 +6HF. C. Brunner found that when alumina is heated to redness, it 
absorbs the vapour of hydrogen fluorjde, and gives off water, hut quantitative 
results were not obtained. According to H. St. 0. Deville, if either product be heated 
in a carbon tube in a stream of hydrogen, at a white heat, most of the aluminium 
fluoride sublimes and forms rhombohedral crystals. According to P. Hautefeuille, 
if alumina be heated to a high temp, in a stream of moist hydrogen fluoride crystals 
of corundum, A1 2 0 3 , and of aluminium fluoride are produced. 

H. St. 0. Deville obtained aluminium fluoride by distilling a mixture of aluminium 
sulphate and cryolite in a stream of hydrogen ; and also by heating a mixture 
of fluorspar and alumina in a stream of hydrogen chloride; M. Strakosch and 

V. 0. Weber heated a mixture of sodium fluoride with aluminium sulphate and 
extracted the aluminium fluoride with water; A. Cossa obtained aluminium 
fluoride by heating a mixture of aluminium sulphate and magnesium fluoride 
H. St. C. Deville prepared aluminium fluoride by decomposing silicon tetrafluoride 
with alumina, and he removed the silicon by means of a mixture of hydrofluoric and 
nitric acids ; he also made aluminium fluoride by heating hydrofluosilicic acid with 
alumina or china clay ; and L. Troost and P. Hautefeuille, by heating alumina 
in a stream of silicon fluoride. H. Moissan obtained aluminium fluoride by the 
action of fluorine on aluminium ; in the cold the metal is superficially attacked, 
but when heated the reaction is complete ; 0. Poulenc also prepared the same com- 
pound by the action of hydrogen fluoride on aluminium at 1000° ; W. K. van Ilaagen 
and-E. F. Smith used alumina. 

According to H. St. C. Deville and A. do Schulten, anhydrous aluminium fluoride 
crystallizes in colourless, transparent, obtuse rhombohedra, but, according to 
(!. Poulenc, the crystals are probably triclinic. C. H. D. Bbdeker gave the sp. gr. 
as 3*005 to 3* 13 at 12°. W. Biltz gave 27*1 for the mol. vol. P, P. Fedot cell 
and W. Ujinsky found the m.p., or rather the freezing temp., of aluminium 
fluoride to be 1000° ; N. A. Puschin and A. V. Baskoff give 1040°. E. Baud's 
value for the heat of formation of aluminium fluoride from its elements is 499 Cals., 
which is the greatest of all the aluminium-halogen compounds. O. Pettersson 
gives the heat of formation 2[A1(0H) 3 , 3HF aq .} --3x23*415 Pals. ; E. Baud gives 
the heat of soln. of A1F 3 .3*5H 2 0 at 15° as —3*33 Cals. ; of 2A1F 3 .H 2 0 at 15° as 
51*15 Cals. ; the heat of formation 2AlF 39 oiid+H 2 0 K a8 r ~2AlF 3 .H 2 0 ( , 0 ij,]-f 33*33 Cals., 
and with liquid water, 23*68Cals. Similarly, 2AlF 380 M+7H 2 Oii qU id— 2AlF 3 .7ii 2 () sn ] U hj,, 
+64*95 Cals., and for insoluble 2AIF 3 .7H 2 0, 65*95 Cals. In spite of a little 
ionization, A. Speransky found the mol. wt. of aluminium fluoride in aq. soln. to 
be greater than corresponds with the formula A1F 3 . H. St. C. Deville reported 
that anhydrous aluminium fluoride is inert chemically, for it is not attacked by water 
or acids ; it is slightly attacked by boiling sulphuric acid, but is not changed by 
boiling potash-lye ; it is decomposed by heating it- with calcium oxide at a white 
heat, and with fused sodium carbonate when a part of the fluorine is volatilized as 
sodium fluoride. L. Schuch said that the crystals are decomposed completely into 
alumina and hydrogen fluoride when heated in a current of steam ; E. Baud found 
that aluminium fluoride volatilizes with partial decomposition when heated in a 
stream of hydrogen ; and that the volatilization of aluminium fluoride at a red 
heat is attended by much decomposition. E. Fr^my and 0. Feil obtained aluminium 
borate by fusing aluminium fluoride with boric oxide ; A. von Bartal observed no 
change when carbonyl chloride is passed over cold or heated aluminium fluoride. 

W. Hainpe heated cryolite with aluminium and obtained what he regarded either 
as aluminium Subfluoride, A1F 2 , or a double salt of this subfluoride with sodium 
fluoride. W. Diehl contested the validity of W. Hampe’s conclusion, but W. Hampe 
further claimed to have formed the same compound by the electrolysis of cryolite. 

A. Mazzucchclli says that the contradictory observations which have been 
reported on the various hydrates of aluminium fluoride are due to complications 
traceable to metastability and supersaturation ; to the slowness with which the 
solids and soln. attain a state of equilibrium ; and to the existence of hydrates 
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with the same composition tut with different solubilities and degrees of resistance 
to the action of heat. A. Mazzucchelli obtained silky filaments of monohydrated 
aluminium fluoride, A1F 3 .H 2 0, by evaporating a dil. aq. soln. or a small quantity 
of a cone, neutral soln. of the salt to dryness, on a water-bath. This product is 
sparingly soluble in water, by which it is transformed into A1F 3 .3H 2 0. The mineral 
fluollite, AIF 3 .H 2 0, crystallizes in bipyramids belonging to the rhombic system 
and having the axial ratios a : b : c—0'770 : 1 : V8776 ; hardness 3; sp. g r ’ 
217 ; and refractive index 147. A. Mazzucchelli states that a soln. of aluminium 
Huoride is most conveniently prepared by suspending 42 grms. of basic aluminium 
acetate and 54 grms. of alumina in about 100 c.c. of water and 66 grms. of 40 per 
rent, hydrofluoric acid. Soln. occurs either at once or after boiling for a short 
time. The soln. gradually deposits a gelatinous or colloidal hydrate of aluminium 
fluoride approximately trihydrated aluminium fluoride, A1F 3 .3H 2 0. The same 
dil. soln. gradually deposit a crystalline crust of a similar composition, A1F 3 .3H 2 0. 

L. H. Milligan said the product is granular if the soln. contains free acid eq. in 
amount to the aluminium. 

A. Mazzucchelli also found that if 75 c.c. of water be used in place of 100 c.c. 
in the preceding method of preparation, the liquid becomes very much heated, 
and, on cooling, deposits crystals of hemiheptadecahydrated aluminium fluoride, 
A1F 3 .8}H 2 0, which can also be obtained as a felted mass of short needles by copling 
. below 0°, a more dil. soln. of aluminium fluoride. A sat. aq. soln. of hemihepta- 
decahydrated aluminium fluoride at 11° contains 385 grms. of A1F 3 , and at —0-2°, 
1'2() grms. The crystals effloresce rapidly and become opaque, even in a sealed 
tube ; the soluble metastable hydrate passes into the trihydrated fluoride, which 
is the most stable hydrate under ordinary conditions. According to E. Baud, 
and A. Mazzucchelli, when two volumes of alcohol are added to one volume of a 
neutral soln. of alumina in hydrofluoric acid, a crystalline precipitate of hemi- 
heptahydrated aluminium fluoride, A1F 3 .3JH 2 0, which is readily soluble in water, 
is obtained. The soln. is acid to litmus, and neutral to methyl orange. Another 
form of hemi heptahydrated aluminium fluoride almost insoluble in water is made 
by evaporating at 1(X)° a soln. of alumina in aq. hydrofluoric acid. The herai- 
heptnhydratod fluoride remains unchanged in vacuo or over sulphuric acid ; it 
•loses 2 mols of water at 100° ; half a mol between 150° and 170° ; and another 
half mol. between 210° and 250°. The residual hemihydrated aluminium fluoride, 
A1F 3 .JH 2 0, does not decompose at a bright red heat. The hemiheptahydrated 
fluoride gradually changes to the trihydrated fluoride in contact with water. The 
heat of soln. of the soluble form of A1F 3 .3£H 2 0 is 1 Cal. less than that of the insoluble 
form, and this corresponds with the heat evolved in the transformation of the 
soluble into the insoluble modification. A. von Bartal found that carbonyl chloride 
does not react with aluminium fluoride even at a red heat. G. L. Clark found 
aluminium fluoride adsorbs ammonia very slowly, forming Aluminium am min Q- 
chloride, AlF a .NH :J . 
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§ 14. The Fluoaluminates 

Aluminium fluoride forms a number of double compounds with other metal 
fluorides. The majority of compounds with the alkali fluorides seem to be salts 
of the complex hydrofluoaluminic acid, 3HF.A1F 3 , or H 3 A1F 6 . This acid has not 
been isolated, but H. St. C. Deville 1 reported two acid compounds of aluminium 
fluoride, namely, (i) 2HF.3A1F 3 .5H 2 0, prepared by half saturating hydrofluoric 
acid with aluminium hydroxide, and adding alcohol. The oilv liquid which separates 
soon crystallizes ; and (ii) HF.2AlF s .r>H 2 0, prepared bv evaporating the preceding 
soln., washing the crystalline residue with boiling water, ami drying it in air. 

By pouring an excess of a soln. of ammonium fluoride into one of aluminium 
fluoride, E. Baud obtained a gelatinous precipitate which soon settles. It is supposed 
to be ammonium pentafluoaluminate, 2NH 4 F.AIF 3 .1|H 2 0, or (NH 4 ) 2 AlF 6 .l}H g O. 
The heat of soln. is — 17*09 Cals. ; and 100 parts of water dissolve one part of the salt. 
J. J. Berzelius boiled aluminium hydroxide in an aq. soln. of ammonium fluoride 
and found part of the ammonia is expelled and a transparent jelly which dries to a 
white powder is formed. H. von Helmolt washed the gelatinous precipitate with 
dil. alcohol, and found it to be the ammonium analogue of cryolite — ammonium 
hexafluoaluminate, (NH 4 ) 3 A1F 6 , or 3NH 4 F.A1F 3 - with cone. soln. octahedral 
crystals, belonging to the cubic system, are precipitated. The salt is feebly soluble 
in water, and, according to H. von Helmolt, ammonia does not precipitate alumina 
from the soln. ; while, according to ,T. J. Berzelius, the salt is not soluble in water 
containing ammonia or ammonium fluoride, and either of these compounds pre- 
cipitates the salt from its aq. soln. When heated, the salt gives off ammonia, and 
then ammonium hydrogen fluoride, leaving a residue of aluminium oxyfluoride. 
J. Petersen prepared a similar salt. 

J. J. Berzelius 2 obtained lithium fluoaluminatc as a white powder, insoluble in 
water, by treating lithium hydrofluoride with aluminium hydroxide. N. A. Puschin 
and A. V. Baskoff found the m.p. curve of lithium fluoride is of the type shown in 
Fig. 54. The curve falls from 870° to a eutectic at 706 ^ with 14 5 molar per cent, of 
aluminium fluoride, and then rises to a maximum over 783°- say 800°- when the 
mixture corresponds with the lithium analogue of cryolite, lithium hexafluoaluminate, 
3LiF,AlF 3 , or Li 3 AlF 0 ; the temp, then falls to the eutectic 691° with 37 mol per 
cent, of aluminium fluoride. The curve was not further explored. The mineral 
cryolithioniie, is a double sodium lithium fluoaluminate, Na 3 Li 3 Al 2 F j2 , or 
2AlF 3 .3NaF.3LiF. It occurs as cubic crystals at Ivigtut (Greenland) and in the 
Ilmen Mountains (Urals). According to N. V. Ussing, the hardness is 2-3 ; sp. gr., 
2*774—2*778 ; index of refraction for the Li-line, 13382 ; for the Na-line, 1*3395 ; 
and for the Tl-line, 1*3408. The crystals decrepitate when heated to redness ; they 
soften at 700°, and, according to N. V. Ussing, melt at 7 10°. The solid is rather more 
soluble in water than cryolite- 100 c.c. of water at 18° dissolve 0*074 grm. of cryo- 
lithionite. The aq. soln., on evaporation, gives small cubic crystals, which are 
decomposed by warm sulphuric acid. 

m The minerals containing sodium and aluminium fluorides are : cryolite , 
which has a composition corresponding with AlF a .3NaF ; cryolithioniie, with 
2AlF 8 .3NaF.3LiF ; chiolile, with 3AlF 3 .5NaF, or with AlF 3 .l^NaF ; and rahloniU, 
with 3A1(F, OH) 3 .(Na 2 , Mg)F 2 .2H 2 0 ; pachnoliie and ihomsenolite, which are di- 
morphic forms with the composition AlF 3 .CaF 2 .NaF.H 2 0. According to 
G. F. Schumacher, 8 a sample of cryolite was brought from Greenland to Copenhagen 
in 1795, but was thought to be barytes until P. C. Abildgaard found it>to contain 
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fluorine and aluminium ; the residue was found by M. H. Klaproth, and 
L. N. Vauquelin in 1800, to be sodium ; and R. J. Haiiy described it, in 1801, as 
fluate d'alumine et de soude dcs chimistes. The resemblance of the mineral to snow, 
and its still greater likeness, when wet, to ice, suggested to P. C. Abildgaard the 
name kryolilh , kryolite , or cryolite— *pcos, frost ; and A#os, stone. E. F. Glocker 
called it Einstein— ice-stone. The mineral was later described by J. B. d’Andrada 
and D. L. G. Karsten. In 1811, K. L. Giesecke discovered a large deposit of cryolite 
at the place now known as Ivigtut in Frederikshaab, in the south-west of Greenland. 
This is virtually the only deposit of commercial importance known at the present 
time; although comparatively small deposits have been found at Miask (Ural 
Mountains) ; in the granite at the north-east, base of St. Peter’s dome, Pike’s Peak, 
Colorado ; Yellowstone National Park, Wyoming ; and at Aragonien Huesca, 
Spain. The fluorine compounds, says F. W. Clarke, are rarely found in eruptive 
rocks ; they are especially characteristic of deep-seated or plutonic rocks, where 
the gaseous exhalations have been retained under press., and are commonly regarded 
as of pneumatolytic origin. F. Johnstrup says that the bed of cryolite is a con- 
cretionary secretion in eruptive granite ; and R. Baldauf supposes it to have been 
formed by the action of fluoriferous gases upon the original granite magma. 

The minerals- -quartz, siderite, galenite, sphalerite, pyrite, chalcopyrite, and 
wolfram ite— -irregularly scattered through the mass of cryolite, are separated by hand- 
sorting. There are also mineral impurities — pachnolite, thomsenolite, arksuktite, 
gearksuktite, ralstonite, prosopite, ivigtite, and hagemannito — all comparatively rare, 
or found only in association with cryolite ; these are separated from cryolite 
in the process of manufacture since they suffer no change under the chemical treat- 
ment by which cryolite is decomposed. The cryolite mines were opened by 
D. Schmidt in 1857, and the Danish Government, which owns the mines, claims 
one-fifth of every cubic fathom (13 6 tons of 2210 lbs.) of cryolite mined and shipped 
from Greenland. The cryolite is mined mainly in summer; it is then sorted into 
first and second grades. 

Cryolite was formerly the chief source of aluminium, but was superseded by 
bauxite. H. Rose, and A. Dick obtained aluminium from cryolite in 1855 by 
fusing the mineral packed with alternate layers of sodium in a magnesia-lined 
crucible. Cryolite is still used in the production of the metal, but not as a source 
of supply, for it is used as a solvent for the alumina since, when fused, it dissolves 
over 21 per cent, of alumina. During electrolysis the alumina is decomposed. A 
small amount of soda and alumina is manufactured from cryolite by J. Thomsen’s 
process. Cryolite is also used as an opacifying agent in the manufacture of opaque 
glass — e.g. cryolite glass or hot-cast porcelain— and enamels. 

J. J. Berzelius 4 prepared sodium fluoaluminate by adding aluminium hydroxide 
to an aq. soln. of sodium hydrofluoride until the acidity was neutralized; if 
sodium fluoride alone is used, half the sodium is liberated as hydroxide and remains 
in soln. as sodium illuminate ; L. Schuch, and O. T. Christensen showed the reaction 
is probably that symbolized : 6NaF+2Al 2 0 3 ;^Na3AlF c +3NaA10 2 . E. Baud 

also mixed a dil. soln. of sodium fluoride with the correct quantity of aluminium 
fluoride. H. St. C. Deville neutralized a mixture of aluminium hydroxide and 
sodium carbonate with hydrofluoric acid. The soln. in either case were evaporated 
to a gelatinous mass which dries to a white powder. The Soci£te Anon. d’Alum 
precipitates the double salt by adding sodium chloride to a soln. of aluminium 
hydroxide in an excess of hydrofluoric acid. L. Schuch mixed cryolite with 
soda-lye of sp. gr. 1*26, whereby a soln. of sodium aluminate was formed : 0 
Na 8 AlF # d-4NaOH=6NaF-f NaA10 2 + 2H 2 0 ; if carbon dioxide be passed through 
the boiling soln. pulverulent sodium aluminate is precipitated and the admixed 
aluminium hydroxide can be removed by treatment with acetic acid. H. St. C. 
Deville prepared sodium fluoaluminate by melting aluminium chloride or sodium 
chloroaluminato with sodium fluoride ; and by treating the soln. of aluminium 
fluoride, obtained by the action of hydrofluosilicic acid on china clay, with sodium 
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fluoride. H. Howard also reported processes for making what was called artificial 
cryolite. 

* H. St. C. Deville prepared sodium fluoaluminate by melting Bodium fluoride with 
aluminium fluoride ; this binary system has been studied by P. P. Fedotiel! and 
W. P. Ilinsky, and N. A. Puschin and A. V. Baskoff ; they found the only compounds 
of the binary mixture were 3NaF.AlF a , and 5NaF.3AlK 3 , t ^oo 
the latter being analogous with the mineral chiolile. The 
fusion curve is indicated in Fig. 57. There are two ^ /,ooo 
eutectics, the compound 5NaF.3AlF 3 breaks up at 735 1 g 

into 3NaF.AlF 3 and A1F 3 . The cooling curve of solid | aoo 

sodium hexafluoaluminate shows, at 600°, a break which ^ 
is interpreted to mean that there is a polymorphic trans- 600 0 zo ^ ^ 

formation into the variety stable at ordinary temp. It Fhj. 57. - Freezing Curves 
will be observed that the fall of the curve shows that the °f. Mixtures of Alu- 
addition of sodium fluoride to cryolite reduces the fusion F^ridcH. 111 ' 1 Sot,nnn 
temp, from 1000° down to 735°. 

Sodium fluoaluminate prepared by the wet processes is a white powder resembling 
magnesia, but cryolite may occur in monoclinic prisms with axial ratios, according 
to J. A. Krenner, 0 a : b : c=0*96625 : 1 : 1 ‘38824, and /3~89° 49' ; usually, however, 
it occurs massive. According to R. Nacken, the monoclinic crystals of cryolite pass 
into a cubic modification at about 550°-570° ; and F. Cornu suggests that the 
cubic modification (3NaF.AlF 3 ) 2 is isomorphous with cryolithionite, Li 3 Na 3 Al 2 F lir -- 
vide infra . The colour varies from snow-white to yellowish or reddish-white ; it, 
breaks in three directions with rectangular cleavages ; it is brittle with an uneven 
fracture ; and is translucent with a vitreous lustre. The hardness is between 2 and 3 ; 
and its sp. gr. between 2 95 and 3‘0. The fusibility of cryolite was early noted by 
J. J. Berzelius -it can be fused in the flame of a candle ; its m.p. is a little below 1 ( K K) u 
— N. V. Ussing gi\ es 920°. W. Moldenhauer gives 985° ; F. R. Pyne and Y. 8. Hard- 
castle give 1(XKF ; N. A. Puschin and A. V. Baskoff give 1020°. The powder sticks 
together when heated to 870°. J. J. Berzelius noted that cryolite fuses at a red 
heat, and, on cooling, forms an opaque glass ; 0. Miigge found that on cooling molten 
cryolite, a crust with a skin of crystal skeletons resembling snow stars is formed. 
This crust is isotropic, and U. Miigge therefore argues that the crystals are either 
cubic or hexagonal —probably the latter. J. Smithson found that when the fused 
mineral is exposed to the air for a long time, it loses its ready fusibility owing to the 
loss of hydrogen fluoride. R. Nacken also found that it cannot be heated in an open 
vessel at atm. press., without the sublimation of some aluminium fluoride ; and 
0. Miigge noticed that when small fragments are heated they first become turbid, 
then clarify, and afterwards evolve vapours of sodium fluoride. P. Oeberg s value 
for the sp. ht. is 0 2522, and A. Joly’s value, 0 2548, The crystals have a feeble anti 
positive double refraction ; J. A. Krenner’s value for the index of refraction is 1364 
for sodium light ; M. Websky’s value for candle-light is 1*3343 ; and 0. B. Boggild's 
value is 1*3390. T. Liebisch and H. Rubens studied the optical properties of 
crystals of cryolite in the infra-red spectrum. K. Newbery and H. Lupton noted 
that the colour of the salt suffered no change on exposure to radium-rays ; and 
there was a slight thermoluminescence. K. Arndt and H. Probst studied the 
electrolysis of cryolite — vide aluminium metal. When the crystals are gradually 
warmed, D. Halm found that they show a yellowish luminescence, which, with 
rather stronger heating, does not become paler, but with still stronger heating 
is lost. F. Kreutz found cryolite to be blackened by a prolonged exposure to the 
cathode rays, and decolorized by exposure to the air for a few minutes ; he recalls 
J. W. Taylor’s and F. Kreutz’s statements that cryolite from the deepest layers in 
the mines is black, and only when exposed to the air does the surface become white. 
E. Wartmann, and F. Beijerinck say cryolite is a non-conductor of electricity, but 
H. St. C. Deville showed that it becomes a conductor and melts at a lower temp, 
if other alkali halides be present. • 
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F. Johnstrup 6 sa ys cryolite is easily attacked by atm. moisture. At 12°, 100 
parts of water dissolve 0*0366 part of cryolite, and the solubility is augmented if 
carbon dioxide be present. F. Lauterborn proposed the decomposition of cryolite 
by boiling with water in order to extract sodium fluoride. L. Pfaundler observed 
no chemical action when bromine is passed over molten cryolite. F. Wohler found 
that when heated with ammonium chloride, some ammonium fluoride is volatilized, 
part of the sodium fluoride is converted into the chloride, and the product is 
more fusible than cryolite alone. J. J. Berzelius says that hydrofluoric acid is 
evolved when cryolite is heated with cone, sulphuric acid ; and F. Wohler found 
that both sodium and aluminium sulphates are formed, and a process by J. F. Persoz 
for the extraction of soda from cryolite was based on this reaction. F. Leydolt and 
H. Baumhauer have studied the etching figures of cryolite with sulphuric acid. 
F. Wohler detected no reaction when cryolite is boiled with a soln. of aluminium 
sulphate. N. N. Beketoff observed that aluminium metal is formed when cryolite 
is heated with magnesium ; H. St. C. Deville observed a similar result when cryolite 
is heated with sodium. C. Tissier observed no reaction when cryolite is boiled with 
a soln. of magnesium hydroxide, but L. Schuch observed that boiling soln. of sodium 
hydroxide form sodium fluoride and sodium aluminate. J. Thomsen’s process for 
extracting alumina and soda (q.v.) from cryolite is based on the decomposition which 
occurs when cryolite is heated with calcium carbonate or oxide, and subsequently 
leached with water. R. von Wagner proposed baryta in place of lime, but the 
substitute was too costly. F. G. Spilsbury patented a process in which cryolite 
was decomposed by heating it with milk of lime, and 0. Tissier tried it, but obtained 
only a 33 per cent, yield. D. Sauerwein showed that at least six mols of lime are 
needed for one of cryolite if the decomposition is to be complete : 2Na 3 AlF c 
-f7Ca(OH) 2 -diNaOll f(Ja(Al0 2 ) 2 f6CaF 2 -f4H 2 0. H. Bauer proposed melting 
cryolite with 2§ times its weight of calcium sulphate: 2Na 3 AlF 6 -f 3CaS0 4 
-3Na 2 80 4 -f-3CaF 2 -|-2AlF 3 , and removing the soluble salts by leaching with water ; 
he also proposed boiling cryolite with a mixture of its own weight of calcium car- 
bonate, 30-40 parts of water, and one per cent, of sodium hydroxide. L. Schuch 
also decomposed cryolite by boiling it with sodium silicate whereby insoluble 
aluminium silicate and soluble sodium fluoride are formed— the decomposition is 
incomplete. J . Lemberg observed that with a soln. of calcium chloride at 100°, 
part of the sodium in powdered cryolite is replaced by calcium and pachnolite is 
formed. (J. Nollner obtained similar results with soln. of calcium, barium, or 
magnesium chloride or strontium nitrate. J. Lemberg also studied the action of 
lead nitrate soln. on cryolite. E. Paterno and U. Alvisi noted the slow evolution of 
hydrofluoric acid when powdered cryolite is heated with a soln. of oxalic acid. 

N. V. llssing found rhombic dodecahcdra belonging to the cubic system in the 
cryolite at Ivigtut, Greenland. The composition corresponds with sodium lithium 
fluoaluminate, Li 3 Na 3 Al 2 Fi 2 , and was named eryolithionite. The crystals contain 
liquid, inclusions and also cryolite. The cleavage is parallel to the faces of the 
rhombic dodecahedron ; the sp. gr. is 2*77 ; the hardness 2£ to 3 ; and the refractive 
index for Na-light, 1*3395. The m.p. is 7 10°, and when the magma cools, rectangular 
arborescent crystals arc formed. A litre of water at 18° dissolves about 0*8 part 
of the mineral. The mineral is said to be crystallographically related more to 
garnet, Ca 3 Si 3 Al 2 0i 2 , than to cryolite. F. Cornu 7 said that the cubic form of 
cryolite is probably isomorphous with this mineral. Cryolithionitc contains a higher 
proportion of lithium than any known mineral. W. Cross and W. F. Hillebrand 
found a native form of cryolite at El Paso (Colorado, U.S.A.) with about two-thirds 
of the sodium replaced by potassium, and the mineral was called elpasolite. The 
crystals are isotropic — cubes or octahedra. 

Two compounds of aluminium and potassium fluorides have been described, 
and also some hydrated forms. J. J. Berzelius precipitated potassium pentafluo- 
aluminate, K 2 A1F 6 , or 2KF.A1F 3 , by stirring an aq. soln. of aluminium fluoride 
with ihsufficient potassium flupride for complete saturation — if a slight excess of 
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potassium fluoride be employed, he uoted that potassium hexafluoaluminate, 
A1F 3 .3KF, or K 3 A1F 6 , is formed ; aud that a permanent precipitate of K 3 A1F 0 is 
formed in a soln. of alum, only when an excess of potassium fluoride is added. 
According to J. J. Berzeliife, also, potassium pentafluoaluminate is formed, by 
digesting aluminium hydroxide witli aq. potassium hydrogen fluoride— the first 
portions of the aluminium hydroxide dissolve, but when more of the aluminium 
hydroxide is added, the salt K 2 A1F 5 separates out: 6KHF0 + A1 2 0 3 ^2KoA1F 5 
f3H 2 0+2KF ; while if the gelatinous precipitate be boiled with the supernatant 
liquid, potassium hexafluoaluminate, K 3 A1F B - the potassium analogue of 
cryolite is formed, and if the boiling be continued still further the salt is 
hydrolyzed and a basic salt is formed. L. fjfchuch obtained gelatinous aluminium 
hexafluoroaluminate bv boiling aluminium hydroxide with potassium fluoride. 
E. Baud used very dil. aq. soln. of the component salts, and obtained if gelatinous 
precipitate whose composition corresponded with K 3 A1F 6 .3UL0. 11. St. 0. Deville 
also prepared the last-named compound by fusing aluminium chloride with an 
excess of potassium fluoride ; A. Duboin, by fusing alumina with potassium fluo- 
silicate and an excess of potassium fluoride ; and N. A. Puschin and A. V. Baskoil, 
by fusing together mol. proportions of the component salts. The curve resembles 
that shown in Fig. 53 ; there is a eutectic at 837 when 7T> mol per cent, of aluminium 
fluoride is present, and there is also another eutectic at 5(18' with about 40 mol per 
cent, of aluminium fluoride is present ; between the two eutectic points the curve 
rises to a maximum at 1030' when the composition approximates to 3KF.A1F 3 . At 
570’, there is also evidence of the formation of a second compound— potassium 
enneafluodialuminate, 2AIF 3 .3KF, or K 3 A1 2 F„, the potassium analogue of chiolite 
-on t lie cooling curve of mixtures with 25 to 40 mol per cent, of aluminium flu oride 
There is also a break in the cooling curve of A1F ; , 3KF at about 302°, corresponding 
with the formation of a polymorphic variety analogous to that observed with 
cryolite. Mixtures of the two fluorides with 35 mol per cent, of aluminium fluoride 
are rose-coloured. 

According to J. J. Berzelius, the precipitated forms of the potassium fluo- 
aluminates are gelatinous colloids with similar properties. They dry to white 
powders which give oil their water at a red heat. They are decomposed with the 
evolution of hydrofluoric acid, when boiled with sulphuric acid, and aluminium 
hydroxide is precipitated from the soln. by ammonia. J. L. (Jay Lussac and 
L. J. Thenurd add that the gelatinous precipitate is but sparingly soluble in acids, 
and still less so in water. According to E. Baud, 100 grms. of water at 16° dissolve 
0 385 grm. of the precipitated A1F 3 .3KF.31H 2 () ; the heat of soln. is —20*22 Pals., 
and the heat of formation, 18*81 Cals. The imp. of potassium hexafluoroaluminate 
is 1035°. A. Duboin has examined the optical properties of potassium cryolite ; 
the double refraction is feebly negative, and while not establishing its isomorphism 
with cryolite, he says the two salts arc probably isomorphous. 

N. A. Puschin and A. V. Baskoff obtained fusion curves for mixtures of aluminium 
fluoride with rubidium and cajsium fluorides; the curves are, in general, similar to 
those obtained with potassium fluoride. With rubidium fluoride there is a eutectic 
at 790° with 6*5 molar per cent, of aluminium fluoride ; a maximum at 985" corre- 
sponding with the m.p. of rubidium hexafluoaluminate, 3RbF.AlF 3 , or Kb 3 AlF 6 ; 
a second eutectic at 570°, and a break in the cooling curve of the hexafluoride at 350" 
is taken to represent a polymorphic transformation. Mixtures with about 35 mol 
per cent, of aluminium fluoride are rose-coloured. Similarly with ceesium fluoride ; 
there is a eutectic at 685° with 5*5 mol per cent, of aluminium fluoride ; a maximum 
at 823° corresponding with the m.p, of ceesium hexafluoaluminate, 3CsF.AlF a , or 
Cs-jAlFfl ; a eutectic at 490° ; and a break in the cooling curve of the hexafluoride 
corresponding with a polymorphic transformation. Mixtures with up to 15 mol per 
cent, of aluminium fluoride are green ; with 22*5 to 25 mol per cent., colourless ; 
with 28*5 to 31*5 mol per cent., rose-red ; and with 40 mol per cent., colourless; 
N. A. Puschin and A. V. Baskoff say that besides NaaA^Fg and K 3 Al 2 F 9 4here is 
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evidence of the formation of rubidium enneaftaodialuminate, Rb s Al 2 F 9 , but the 
compounds themselves have not been examined, and the evidence is inadequate. 
No solid solo, were observed with mixtures of aluminium and the alkali fluorides. 
The double compounds of the alkali and aluminium fluorides of the cryolite type 
MjAlFn, or 3RF.AIF,, 

UK NaF KF JUtK CsF 

M.p. . . . 800° 1020° 1035* 985* 823* 

TruiiHfonnutioi! • - ■ 900* 300® 350* 

J. J. Berzelius prepared pale bluish-green needle-like crystals of cupric fluo- 
aluminate which he did not analyze. The crystals dissolve slowly in water ; and 
R. F. Weinland and 0. Kbppen 8 found that aluminium fluoride unites with cupric 
fluoride to form three double salts. Undecahydrated cupric heptafiuoaiuminate, 
A1F 3 .2CuF 2 .I1H 2 0, or Cu 2 A1F 7 .11H 2 0, is obtained from soln. containing 1 mol per 
cent, aluminium fluoride to 2 or more mol percent, copper fluoride. It crystallizes 
in spherical aggregates of blue leaflets and does not effloresce over sulphuric acid. 
Octodecahydrated cupric dodecafluoaluminate, 2A1F 3 .3CuF 2 .18H 2 0, crystallizes in 
deep blue prisms resembling feldspar, from soln. containing 2 mol per cent, aluminium 
fluoride to 3 mol per cent, copper fluoride in the presence of only small quantities 
of hydrofluoric acid. If much acid is present, octohydrated cupric hydrohexa- 
fluoaluminate, AlF 3 .CuF 2 .HF.8H 2 (), is formed; this crystallizes in large, blue 
rhombohedra from soln. containing 1 mol per cent, aluminium fluoride to I mol per 
cent, or less of copper fluoride and an excess of hydrofluoric acid, and effloresces 
rapidly on exposure to the air with evolution of water and hydrofluoric acid. 

It is somewhat doubtful if double compounds of aluminium fluoride with the 
fluorides of the alkaline earths have been prepared. Fused mixtures of calcium and 
aluminium fluorides have a eutectic between 815° and 820°. P. Pascal and 
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Fia. 58. -Fusion Curves in the Ternary System : 
CaF. NaF— AlFj. 


A. Jouniaux's equilibrium diagram 
between cryolite and fluorspar is 
shown in Fig. 6, where the dotted 
lines represent the solidus curves, 
the continuous lines the liquidus 
curves. P. P. Fedotielf and 
W. 1*. llinsky found the typical 
V-curve between calcium and 
aluminium fluorides with the 
eutectic at about 805° and 52 per 
cent, of aluminium fluoride. They 
also studied the m.p. of ternary 
mixtures of aluminium, sodium, 
and calcium fluorides. The results 
are shown in Fig. 58 ; the shaded 
portions of the diagram were not 
explored. F. llodcr 9 prepared 


crystals of barium fluoaluminate by fusing a mixture of cryolite with about 1 J 
times its weight of barium chloride, and 10 times its weight of sodium chloride. 
The composition of the crystals did not agree closely with the formula BaF 2 .AlF 3 . 
Similar results were obtained with strontium fluoaluminate. It is probable that 


the product in each case was a solid soln. of mixed crystals of two salts. The 


product was attacked by water. 

A. Nollner digested powdered cryolite for three months at 100° with a cone. 
soln. of calcium chloride, and, after washing and drying the product at 100°, he noted 


that about five-sixths of the sodium had been replaced by calcium. He represented 


the product as 3(JNa$Ca)F.AlF 3 .H 2 0 ; and the residue remaining after a six days’ 
digestion at 180°, by 3(JNa|Ca)F.AlF 3 .JH 2 0. There is possibly here a reversible 
reaction: 3N aF. A1F 3 + CaCl 2a q .^2N aCl aq . + NaF. CaF 2 . A1F 3 . The reaction can be 
completed if the calcium chloride be in sufficient excess; indeed, J. Lemberg 
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completed the conversion by digesting powdered cryolite for a month with a cone, 
soln. of calcium chloride. 

According to W. Flights analysis, the mineral evigtokite found in the Greenland 
cryolite bed has a composition corresponding with dihydrated calcium hept&fluo- 
aluminate, AlF3.2CaFo.2H2O, or Ca 2 AlF 7 .2H 2 0. The mineral paclnwlile — from 
irdxmt), frost— is regarded as hydrated sodium calcium hexafluoaluminate, 
NaF.CaFo.AlF3.H2O. It was discovered by H. Kopp at Ivigtut, Greenland ; 
F. Wohler called it pyroconite — from irvp, fire; kouu, powder- because it falls to 
powder when ignited. Analyses were made by H. Kopp, F. Wohler, G. Hagemann, 
and G. A. Konig. According to P. Groth, the crystals are monoclmie with axial 
ratios a : b : c— 1*1626 : 1 : 1*5320, and |3— 89° 40' ; the hardness is 3 1 ; the sp. gr. 
2*929, according to F. Wohler, and 2*923, according to H. Kopp ; and index of re- 
fraction for sodium light 1*4119, according to 0. B. Boggild. H. Kopp noted that, 
when heated, hydrofluoric acid and water are given off. According to H. Kopp, the 
ratio Na : Ca is as 4 : 3, and, according to G. von Path, as 1:1. The mineral has 
been reported from Ivigtut in Greenland, and St. Peter's Dome in Colorado. 
E. S. Larsen and co- workers found a mineral which they called creed ite in the fluorite 
deposits of Creede Quadrangle, Colorado. W. F. Foshag also examined the minerah 
Its composition corresponds with 2CaF 2 .2Al(OH, F)3.2HoO.( 1 a8() 4 , which recalls 
the doubled formula of paebnolitc, 2CaF 2 .2AlF3.2H 2 0.2NaF. It occurs in radiated 
masses which are colourless, sometimes showing delicate purple hands. The crystals 
are monoclinic with axial ratios a : h : c— 1*16199 : 1 : 1*1597, and /3 85° 30'. The 
cleavage is pinacoidal, parallel to the (lOO)-faee. The optic axial angles for Li-, 
Na-, and Tl-light are respectively 2y- 04° 30', 64° 22', and 64 ’ 20'. The sp. gr. is 
2*713 to 2*730. The indices of refraction are a 1*461, /3 1*478, and y- 1*185, 
The optical character is negative. The analogous mineral thomsnwlile has a similar 
composition; and, according to J. A. Krenner, it crystallizes in the monoclinic 
system with the axial ratios a : b : c— 0*9975 : 1 : 1*0329, and /3 86°48'; the 
hardness is 2 ; and the sp. gr. between 2*93 and 3 0. O. B. Boggild gives the indices 
of refraction for sodium light as a -1*4072 ; /J— 1*4136 ; andy- 1*4150. It occurs 
at Ivigtut in Greenland ; St. Peter’s Dome in Colorado ; the Praia in Russia ; and a 
sample has been reported from Japan ; it was also described bv E. Sharsen and 
R. C. Wells. The white earthy mineral resembling china day, called gemhutite, 
has a composition corresponding with AlfF.OHL.GaF.^.lLO. It consists, according 
to P. Groth, of very small needles with a feeble double refraction. It occurs at 
Ivigtut and Evigtokit, in Greenland; St. Peter’s Dome in Colorado; and in 
the Urals in Russia. The monoclinic crystals of prosopilc have the composition 
2A1(F, OH) 3 .Ca(F, OH) 2 , and, according to A. des Cloizeaux, the axial ratios 
a : b : c -1*3188 : 1 : 0*5950, and j8-~85° 40' ; the hardness is between 4 and 5; 
and the sp. gr. 2*88-2*89. It occurs at Altenburg in Saxony ; at Schlaggenwald 
in Bohemia ; St. Peter’s Dome in Colorado ; Tovele in Utah ; and at Mount 
Bischoff in Tasmania. A form of pachnolitc contaminated with ferruginous 
matters— e.g, ochre — cryolite was called hugeuumnite by C. U. Shepard. F. John- 
strup regards it as a decomposition product of cryolite and iron spar. Octahedral 
crystals, white or colourless, of rahlonite occur coloured more or less yellow with iron 
oxide, in the cryolite beds at Ivigtut in Greenland ; at St. Peter’s Dome in Colorado ; 
and in Japan. The hardness is between 4 and 5 ; the sp. gr. 2*6. According’ to 
0. G. Nordenskjold, S. L. Penfield and D. N. Harper, and K. Jimbo, the composition 
approximates (Na 2 , Ca, Mg)F 2 .3Al(F, 0H) 3 .2H 2 0, or(Na 2 , Mg)F 2 .3Al(F, 0H) 3 .2H 2 0. 
A. Nollner prepared magnesium sodium fluoaluminates, AlF 3 .3(jNaf!Mg)F.H 2 0, 
and AlF 3 .3(JNapig)F.H 2 0, respectively with five-sixths and two-thirds of the 
sodium in cryolite replaced by magnesium by digesting powdered cryolite 
with a cone. aq. soln. of magnesium chloride respectively for three months at 
100°, and for six days at 180°. By reheating the products of these operations 
with cone. aq. soln. of calcium chloride, A. Nollner obtained triple salt*, mag- 
nesium calcium sodium fluoaluminates— AlF 3 .3(f5Na^Ca^Mg)F.H 2 0 and 
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AlF3.3(Y~Na, + 2Ca 1 ~Mg)F.H 2 0. F. Roder also prepared crystals of magnesium 
fluoaluminate analogous with those of barium fluoaluminate. 

J. J. Berzelius 10 evaporated a soln. of zinc oxide and alumina in hydrofluoric acid, 
and obtained long, colourless, needle-like crystals probably corresponding with zinc 
octofluodialuminate, ZnF 2 .2AlF 3 , or ZnAl 2 F 8) which were soluble in water, ammonia 
precipitated a hydrated zinc aluminate, or a mixture of zinc and aluminium 
hydroxides from the aq. soln. R. F. Weinland and 0. Koppen prepared hepta- 
hydrated zinc pentafluoaluminate, AlF 3 .ZnF 2 .7H 2 0, by mixing soln. of aluminium 
hydroxide and of zinc hydroxide or carbonate in dil. hydrofluoric acid, and evaporat- 
ing over lime. The product can be crystallized in colourless needle-like crystals 
from dil. hydrofluoric acid. Small, greenish-white, rhombohedral crystals of hepta- 
hydrated ferrous pentafluoaluminate, FeF 2 .AlF 3 .7H 2 0, were obtained in a similar 
way. These crystals do not oxidize on exposure to air, or effloresce over sulphuric 
acid. Green crystals of heptahydrated nickel pentafluoaluminate, NiF 2 . A1F 3 .7H 2 0 ; 
and reddish-white crystals of heptahydrated cobalt pentafluoaluminate, 
CoF 2 .A1F 3 .7H 2 0, were similarly obtained by R. F. Weinland and 0. Koppen. 
White crystals of thallous dodecafluoaluminate, 3T1F.3A1F 3 , were prepared by 
F. Ephraim and l*. Barteezko by the action of a soln. of thallous fluoride in hydro- 
fluoric acid upon aluminium hydroxide ; and by the evaporating on a water-bath a 
soln. of the theoretical quantities of the component salts in just sufficient water for 
t he dissolution. The crystals are so stable that they are not completely decomposed 
by heating them with a soln. of sodium carbonate, or by heating with sulphuric 
acid. F. Fischer and K. Thiele obtained evidence of the existence of a lead 
fluoaluminate when lead carbonate is dissolved in a soln. of alumina in an excess 
of hydrofluoric acid. 
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§ 15. Aluminium Chloride 

Several investigators have reported the formation of an aluminium subchloride, 
A1C1 2 , or A1U1, possibly analogous with indium monoeldorido or indium and gallium 
dichlorides in the same family group. Thus, < Friedel and L. Roux 1 claim to have 
made it by passing the vapour of aluminium chloride over metallic aluminium heated 
just to the fusion point. The brownish-grey substance which is formed contains 
aluminium, chlorine, and silicon. If aluminium and aluminium chloride are heated 
at 300°, in sealed tubes filled with carbonic anhydride, there is no appreciable action, 
but at 360 3 (in the vapour of mercury) the aluminium is slightly attacked, and largo 
crystals of pure aluminium chloride condense on the cool upper part of the tube. 
When the tubes are heated by the vapour of sulphur, the aluminium is strongly 
attacked, and a greyish substance with a somewhat metallic appearance is deposited 
on the sides of the tube. This substance decomposes water with evolution of 
hydrogen, and contains silicon, chlorine, and aluminium. C. Formenti and 
M. G. Levi also reported the formation of hydrated aluminium subchloride by the 
action of metallic aluminium on a solution of aluminium chloride and the simul- 
taneous evolution of hydrogen. L. F. Nilson and 0. Pettersson say that the origin 
of the grey substance in C. Friedel and L. Roux’s experiments must be attributed to 
the presence of traces of silicon possibly forming aluminium silicide ; and the lower 
proportion of chlorine in the product, to the formation of an oxychloride ; and they 
add that “ there is no reason to believe in the existence of any aluminium chloride 
lower than A1C1 3 ". , * 
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The preparation of aluminium chloride.— Anhydrous aluminium chloride is 
obtained by the action of chlorine or hydrogen chloride on the metal or alloys of the 
metal, and also, under special conditions, on the oxide. In 1860, F. Wohler 2 pre- 
pared aluminium chloride by passing a stream of chlorine over heated aluminium ; 
and the product sublimes. Aluminium leaf does not inflame of itself in chlorine 
gas, but R. Bdttger did get it to inflame when in contact with brass. C. A. Matignon 
says, that if the powdered metal, which has begun to burn in air, be immersed in 
chlorine or the hydrogen chloride, it continues to burn brilliantly. H. Gautier and 
G. Charpy found aluminium did not inflame in boiling liquid chlorine, but at —20° 
aluminium inflames with incandescence. H. D. Gibbs made aluminium chloride 
by the action of chlorine on aluminium below 0°. J. B. Cohen says that thoroughly 
dried hydrogen chloride does not attack aluminium, but it does so if moist ; and 
V. Askenasy patented a process for preparing aluminium chloride, by passing gaseous 
hydrogen chloride over the metal heated by a sulphur-bath. G. Gore found that 
aluminium dissolves in liquid hydrogen chloride, forming a colourless solution. 
G. Gustavson, L. F. Nilson and (). Pettersson, R. Escales, E. Kohn-Abrest, and 
F • Stockhausen and L. Gattermann made aluminium chloride by passing chlorine or 
hydrogen chloride over aluminium heated in a wide glass tube. L. Gattermann’s 
directions are : 



’reparation of Aluminium Chloride. 


A hard glass tube- -1*5 to 2 cms. diameter is drawn to a narrow tube at one end which 
is to be connected with a train of two wash-bottles, containing sulphuric acid and oonnocted 
with ft generator delivering hydrogen chloride. Tho wash-hottles should bo fairly large 
since the acid is liublo to foam with n rapid current of hydrogen chlorido. Tho wide end of 

the hard glass tube is fitted by 
means of a cork into a wide- 
necked bottle ; the cork is also 
fitted with an exit tube, 8 mm. 
in diameter, ua , extending from 
the middle of the bottle, and 
leading to the fume chamber. 
An asbestos board A is also 
arranged as in Fig. 59, to pro- 
tect the bottle from tho heat of 
tho furnace. The tubo is fitted 
with an ashestos plug, then with 
, u .... . , enough aluminium shavings to 

' ! *i T tl, be when laid horizontally, and finally a second ashestos plug is placed 
at the end of the layer of aluminium shavings. The shavings should have been 
previously washed free from oil or grease by boiling them witli alcohol, and then drying 
• a * m . ,m a, |’ batli. The tube is then laid in the furnace as indicated in Fig. 59 

with the asbestos board arid bottle as close to the furnace as possible. ' A rapid stream 
of hydrogen chlorido is passed through the apparatus to drive out } he air as shown 
when the exit gas is completely absorbed by water. Tho tubo is then heated through- 
out its entire length first, with a small flame and then with a gradually increasing 
flame. The vapours of aluminium chloride collect in the bottlo, and the reaction is ended 
as soon as the aluminium has disappeared from the glass tube. Tho aluminium chlorido 
is preserve! 1 by well closing the bottle, or in a desiccator. L. Gattermann states that for 
success, the following points require attention: (1) All parts of tho apparatus must be 
perfectly dry. (2) the air must be removed as completely as possible, sinco, otherwise, 
an explosion of oxygen and hydrogen may take place. (3) The portion of the tube extending 
beyond the furnace must be as short as possible, to prevent the aluminium chloride from 
condensing m it, which results in a stopping up of the apparatus. In order that the cork 
, rn ’ 18 protected by an asbestos plate, provided with a circular hole in the centre. 
(4; 7 no aluminium must not ho heated to molting. If this should happen at any particular 
point, the flamos must he immediately lowered. (5) The hydrochloric acid current must 
if * 8 ^ lol 6d not bo able to count single bubbles of the gas, but they 

should follow one another uninterruptedly. The evolution of a small quantity of a smoky 
vapour from the outlet-tube will always occur, but the greatest part of the aluminium 
chloride w condensed even if the hydrogen chloride rushes through the wash-bottles. Should 
the first experiment be unsuccessful, in consequence of a stoppage of the tube, the method 
for correcting this will readily suggest itself. 

H. N. Warren heated an alloy of aluminium with 90 per cent, of iron in a stream 
of chlohne, and purified the product by redistillation over iron turnings ; and 
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C. F. Mabery heated an alloy of aluminium with 60 to 86 per cent, of copper in a 
graphite retort in a stream of hydrogen chloride and claimed that the product was 
free from iron and silicon. H. Rose found aluminium metal reduced potassium 
chloride to the metal with the formation of aluminium chloride; F. R. Michel 
obtained a similar result with sodium chloride ; F. Flavitzky, with zinc chloride ; 
and A. Cossa, with"mercuric chloride. Neither F. Wohler nor F. Flavitzky obtained 
an appreciable reduction of magnesium chloride by aluminium. The Aluminium 
Co. has patented the production of the chloride from aluminium dross. B. T. Brooks 
treated the molten metal with chlorine under press. 

In 1825, H. C. Oersted first prepared anhydrous aluminium chloride by passing 
chlorine gas over a heated mixture of alumina with carbon. True, H. Weber has 
shown that at a white heat, a perceptible quantity of aluminium chloride is formed 
by the action of chlorine gas on alumina, 2AU0 3 -f 6C1., - 4A1C1 3 } 30 a , but the 
reaction is incomplete, and it proceeds with great difficulty, in marked contrast 
with the comparatively vigorous action of chlorine on a heated mixture of alumina 
and carbon whereby carbon monoxide is simultaneously formed: Al 2 0 3 4-3('4 3CU 
--3CO-(-2Al(T i . The heat of formation of aluminium oxide, A1 2 0 3 , is 301*6 Cals. ; 
and of aluminium chloride, A1C1 3 , 1614 Cals. Consequently, the heat of the reaction : 
Al 2 0 3 d-3Cl 2 =2AlCl 3 -f 30, is 322*8-380*2- - 57*4 Cals., so that the reaction is 
endothermal. The h n at evolved during the formation of carbon monoxide is 
29*2 Cals., so that in the reaction: AI 2 0 3 -}-3Cl 2 |-3C 3COf2AK’l 3 , 322*84 87*6 
—380*2 =30*2 Cals, are evolved. Hence, it may be said that the energy evolved 
during the combustion of the carbon is utilized in promoting the decomposition 
of alumina. 

F. Wohler recommended rubbing preeipitntod aluminium hydroxide into a thick paste 
with powdered charcoal, sugar, and oil. The mixture was carbonized by heating it in a 
covered crucible, and then packed into a porcelain tube, connected at one end with a tube 
delivering dried chlorine, and at the other end with a tubulated glass vessel for the escape 
of the gas. As soon as tho tube is filled with chlormo gas, heat is applied, and aluminium 
chloride carried along by the stream of carbon monoxide, condenses partly as a powder in tho 
glolie, and partly in transparent yellow' drops which solidify to a crystalline solid at the end 
of the porcelain tube which may thereby be choked up. According to H. 8t. C. Doville, tho 
carbon monoxide is usually accompanied by some silicon tetrachloride and possibly also 
carbonyl chloride. At the end of tlm operation, the solid ; s detached from tho tube by a 
strong iron wire, and mixed with the pow’der which collects in the receiver. J. von Liebig 
recommended purifying the product by sublimation in a small retort. Any oxidizing gases 
present should be removed, und 1\ A. Favro accordingly recommended heating the chlorino 
with some producer gas so as to remove the free oxygen. If the alumina bo contaminated 
with potassium sulphate, J. von Liebig showed that some potassium sulphide or sulphur 
chloiide may be formed and that the latter will contaminate the aluminium chloride. 
Hence, J. von Liebig takes special precautions to ensure the absence of sulphates, and he 
mixed an aq. soln. of aluminium chloride with powdered sugar or starch, and ignited the 
dried mass in a closed vessel. The carbonized mixture was then treated with chlorine as 
in F. Wohler’s process. R. Runsen, and H. St. (’. Doville have described apparatus for tho 
preparation of aluminium chloride by this process, (’rude aluminium chloride has a, yellow' 
tinge usually attributed to the presence of ferric chloride, but supposed by R. Weber to 
be due to the presence of an aluminium thio-chloride, or free chlorine. It. Weber recom- 
mended purifying tho yellow aluminium chloride by mixing it with aluminium powder and 
then resubhming it under a slight press. ; ,T. B. A. Dumas used a similar process, hut the result 
under ordinary atm. press, is not so good as when a biubII press, is used. H. St. (’. Doville 
passod the vapour of the crude aluminium chloride over heated iron turnings, which trans- 
forms any volatile ferric chloride into less volatile ferrous chloride ; and any sulphur 
chloride into a mixture of ferrous chloride and sulphide, Fc(’l 2 and FcS. 

The formation of metal chlorides by the action of chlorine on a heated mixture 
of the oxide and carbon is sometimes called Oersted's reaction. H. St. C. Deville 
showed that gaseous hydrogen chloride acts in a similar manner to chlorine. 
The reaction also proceeds if volatile carbon compounds be mixed with the chlorine 
or hydrogen chloride which is passed over the heated oxide — for instance, P. A. Favre 
conducted a mixture of naphthalene vapour and hydrogen chloride over heated 
alumina ; and H. N. Warren used a mixture of petroleum vapour and chlorine or 
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hydrogen chloride. A carbon chloride can be used in place of the mixture of hydro- 
carbon and chlorine— for instance, E. Demarfay, P. Camboulives, and H. Quantin 
used carbon tetrachloride; E. Chauvenet, C. Baskerville, and W. Heap and 
E. Newbery, carbonyl chloride ; and H. N. Warren, chloronaphthalene. L. Burgess 
heated aluminium carbide with hydrogen chloride. F. P. Venable and ]). H. Jack- 
son found the reaction is satisfactory at 450°. E. R. Wolcott heated oil-shales 
to get the oils, and treated the carbonaceous residue with a chloridizing agent 
to get aluminium chloride. A. McD. McAfee, G. H. King and G. I. Roberts, and 
L. S. Abbott modified the process in a number of ways. J). F. Smith and H. Essex 
treated aluminium carbide with chlorine. G. H. King and G. I. Roberts heated 
alumina over 1000° in a stream of chlorine and producer gas. For the direct 
preparation of aluminium chloride from clays, vide alumina. 

Sulphur compounds can be used in place of carbon compounds - for instance, 
P. Curie heated alumina or china clay in a mixture of carbon disulphide and hydrogen 
chloride — if carbon disulphide be used alone aluminium sulphide is formed, and this 
is converted by hydrogen chloride into aluminium chloride ; similarly, 0. A. Matignon 
and F. Bourion heated tho alumina in a mixture of chlorine and sulphur chloride : 
4Al a 0: r j-3S 2 Cl 2 p9(d2~8AlCl3-f-6S02. The Consortium fiir Elektrochemischo 
Industrie Gesellschaft passed sulphur chloride and chlorine over a heated mixturo 
of alumina and carbon. They found that the first product condensed is an addition 
compound of S 2 C1 2 and A1C1 3 . The components can be separated by distillation. 
G. Berger and W. Kiihne heated clay with pyrites at 2(H) 0 , and the resulting product 
was mixed with carbon and heated in a stream of chlorine to volatilize the aluminium 
chloride. The latter was mixed with sodium and strontium chloride, fused, and 
electrolyzed for aluminium. According to H. B. North and A M. Hageman, alumina 
is not attacked by sulphuryl chloride at 200°. F. W. Hall heated a mixture of 
alumina, sulphur, and chlorine. Further, H. Rose found that alumina is converted 
into the chloride by repeated calcination with an excess of ammonium chloride ; 
R. Weber, and A. Daubree used phosphorus chloride, PC1 ;J , and obtained both 
aluminium chlorfdc and the, double compound Al('l :v P('l ; j ; while L. Troost and 
P. Hautefeuillc found that boron trichloride, B(T lt or silicon tetrachloride, >Si('l 4 , 
can be used for chlorinating alumina. G. Gore found that alumina is transformed 
into the chloride by liquid hydrogen chloride without passing into soln. The 
Armour Fertilizer Co. treated the nitride with chlorine. 

E. Baud found that, commercial aluminium chloride contains carbonyl chloride, 
and it is purified by fractional sublimation in a stream of nitrogen or hydrogen. 
E. Biiltuann prepared sublimed aluminium chloride for use in organic chemistry 
by charging a test tube (0\35 X 18 cm.) with 10 grms. of aluminium chloride. 

Surround tho lower part of th ' fcubo with iron gauze, close 'the mouth of the tube 
with a sheet -iron cover, and wrap tho upper part of the tube with cotton cloth. Heat the 
tub:> with a bunsen burner, allowing oold water to drop steadily on tho cloth during the 
heating. Yield, 37-38 grms m 20 minutes. 

According to F. Wohler, when anhydrous aluminium chloride is exposed to the 
air, it rapidly deliquesces, forming a clear liquid ; the chloride also dissolves in water 
with a hissing noise and the development of much heat. A similar soln. is obtained 
by dissolving the metal in hydrochloric acid, by saturating hydrochloric acid with 
alumina, and by the double decomposition of soln. of aluminium sulphate and barium 
chloride — with calcium chloride, E. Thorey 3 found a double calcium and aluminium 
chloride is formed. According to P. A. von Bonsdorff, when the aq. soln. is spon- 
taneously evaporated in dry air, or, according to T. Gladycz, in vacuo, crystals 
of hexahydrated aluminium chloride, A1C1 3 .6H 2 0, are formed. E. Borsbach 
found similar crystals to be precipitated when hydrogen chloride is passed into 
or when cone, hydrochloric acid is added to a cold cone. soln. of aluminium 
chloride. L. M. Dennis prepared hexahydrated aluminium chloride of a high 
degree of purity from the salt of ordinary commercial purity by the following 
process ;* 
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Commercial anhydrous aluminium chloride is dissolved in water, and, after being 
filtered through glass wool, is mixed with cone, hydrochloric acid, and the soln., cooled with 
a freezing mixture, is sat. with dry hydrogen chloride. The crystals which rapidly form 
arc washed by decantation with cone, hydrochloric acid until frtM> from iron, and the* excess 
of acid is removed as far as possible by the aid of the pump. The crystals are then placed 
on porous tiles and exposed to the air until free from hydrogen chloride ; in moist air, water 
is absorbed, but if kept at 20° their weight becomes constant, after about 48 hrs. The 
crystals, Alt'l 3 ,(iH 2 0, do not chango when kept over sulphuric acid, but if heated in a 
stream of dry hydrogen chloride, a basic salt is formed. 

0. von Hauer prepared crystals of the same salt by heating aluminium hydroxide 
with cone, hydrochloric acid in a scaled tube, and then cooling the soln 11. Howard 
passed hydrogen chloride into a cone. soln. of aluminium chloride, and washed the 
crystals which separated with a soln. of basic aluminium chloride; and (». A. Blanc 
obtained aluminium chloride by the action of hydrochloric acid on leucitc, and 
saturated the hot soln. with hydrogen chloride in order to precipitate the aluminium 
chloride, and leave the potassium chloride in soln. According to E. Lubarsky, if 
dil. soln. are cooled to -8°, they deposit crystals of enneahydrated aluminium 
chloride, AlCl 3 .ffH 2 0, but the equilibrium diagram of the binary system A1C1 3 — ILO 
has not vet been explored. 

The aq. soln. loses hydrogen chloride when evaporated, particularly at elevated 
temp., and if the evaporation is carried to dryness, J. Ordway found a basic product 
is formed which is completely soluble in water, and with repeated evaporation much 
alumina or aluminium hydroxide is formed. As in the case of magnesium chloride, 
the evaporation of the soln. in a stream of hydrogen chloride enables the soln. to he 
cone, without forming the hydroxide. H. Ley computed the degree of hydrolysis 
of aq. soln. of aluminium chloride from their effect on the inversion of cane su^ar. 
and found a -CiV-soln. is 8 8 per cent, hydrolyzed, a *-N- soln., 13 8 per cent. ; a 
j\^A r -soln., 20* 1 per cent. ; a .4 ( ;A 7 -soln., 28 7 per cent. ; and a - n ) t r N soln., 118 per 
cent, hydrolyzed. The hydrolysis is thus smaller than with ferric chloride in agree- 
ment with the stronger basic properties of A1(()H) S over Fe(OH) s . H. de Beriarinont 
found that if an aq. soln. be strongly heated in a sealed tube anhydrous alumina 
separates out. 1\ A. von fionsdorf! says that the crystals do not effloresce when con- 
lined in a desiccator over sulphuric acid, but they deliquesce rapidly in an ordinary 
atm. 1\ Sabatier observed very little change after the crystals had been confined 
over sulphuric acid in vacuo during the summer months. The crystals do not melt 
when heated, but they give off water and hydrogen chloride, leaving 21 tiOf) per cent . of 
alumina as a residue in the form of the original crystals. The anhydrous chloride 
cannot be obtained by heating the hydrated salt. E. A. Hooch and K. M. McClena- 
ham found that the speed of dehydration of aluminium chloride is reduced by 
hydrogen chloride below 130°, but above this temp . as also in air, water and hydrogen 
chloride are simultaneously evolved; they assume that the water is intimately 
associated with the chlorine in the molecular complex and can be represented by 
the graphic formula : 

H H H 11 

( 1.0.6 — Al (>.6.(1 

H H H.O.H H H 
H.O.H 

ci 

Contrast this with the behaviour of the hydrated barium and magnesium 
chlorides. W. Madelung also worked on the constitution of aluminium chloride. 
E. P. Kohler has shown that aluminium chloride in aq. soln., or in any solvent 
known to combine with it, has a molecular weight in agreement with the formula 
AlClj, whereas in a saturated indifferent solvent like carbon disulphide, the molecular 
weight is Al 2 Cl fl . It is assumed by A. S. Cushman that the linkage — 0(H 2 )— 0(H 2 ) — 
is not strong enough to hold the large complex together, while the linkage 
—Cl ~Cl— can do so. , 
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The properties of al uminium chloride. — According to F. Wohler,* and 
H. St. C. Devi lie and L. Troost, anhydrous aluminium chloride forms colourless or 
white hexagonal plates which K. Seubert and W. Pollard say are composed of three 
individuals twinned together, and they show rhombic symmetry. The angles of 
extinction are 120°, and the crystals are optically negative. C. Friedel and L. Roux 
obtained fine crystals by heating the salt in a sealed tube to about 400°. According 
to F. Wohler, hexahydrated aluminium chloride forms “ regular six-sided prisms 
with the terminal faces of a rhombohedron ” belonging, according to L. M. Dennis 
and A. H. Gill, to the trigonal system with the axial ratio a:e= 1 : 0 5356, and 
a- 111 0 40'. The double refraction is strong, and the refraction index about 1*6. 
W. Biltz and co-workers gave 2*398 to 2*440 at 20°/4° for the sp. gr. of aluminium 
chloride, and the mol. vol., 54*7 ; and at 190°, the sp. gr. of fused aluminium chloride 
is 1*33, and the mol. vol. 100. W. Biltz and A. Voigt gave for the sp. gr. 1*33 at 
190°; 1*31 at 200°; 1*28 at 210°; 1*255 at 220° ; and 1*23 at 230°. The coeff. 
of thermal expansion of the liquid is therefore 0*002. 

J. von Liebig noted that when heated under atm. press., small quantities of 
anhydrous aluminium chloride can be volatilized without melting, but large quanti- 
ties when rapidly heated, melt and boil. F. Wohler found the more or less impure 
salt melts when heated under petroleum, forming a brownish-red liquid which does 
not dissolvo in the oil. In a scaled tube, K. Seubert and W. Pollard found the salt 
melts between 193° and 194° ; and 0. Friedel and J. M. ('rafts give the m.p. between 
186° and 190° at 2*5 aim. press. Hexahydrated aluminium chloride decomposes 
when heated without melting. According to J. von Liebig, anhydrous aluminium 
chloride boils between 180° and 185°, and C. Friedel and .1. M. Crafts found the 
b.p. to be 167*8° at 0 33 atm. press. ; 171*1° at 0*41 atm. ; 175*7° at 0*57 atm. ; 
182*7° at 0*99 atm. ; 204*2° at 2*37 atm. ; 207*5° at 2*64 atm. ; and 213° at 3*6 atm. 
press. According to L. Rolinjanz and W. Suehodsky, the critical temp, on the 
absolute scale is 629*5° K. and the sublimation point 456° K., and the ratio 
7y 7ft “0*724. The sp. ht. of aluminium chloride was found by E. Baud to be 
0*188. J. Thomsen found the heat of formation (Alo, CI($) to be 321*87 Cals. ; 
(AlgClfl, aq.), 153*69 Cals.; and (Al 2 , Cl ft , uq.), 475*56 Cals. M. Berthelot gives 
Al(OH)j-j-3H( 1 l W| .----18*6 Cals. E. E. Somermeier found the heat of dissolution of 
aluminium in HC1 fl9l5H 2 0 to be 128*06 Cals, per gram-atom. P. Sabatier 
found the heat of soln. of AlCl i{ in 900 mols of water to be 26*4 Cals, at 15*5°. 
K. Jauch found the sp. ht. of soln. with N eq. of aluminium chloride per litre to be 

N . . . 0*5 10 2 0 3*0 4 0 

Sp. ht. . . 0*9593 0 0257 0*8632 0*8098 0 7630 

H. St. 0. Deville and L. Troost found the vapour density at 350° and 
at 440°, 9*34, when the. calculated value for A1 2 C1 B is 9*25. C. Friedel and 
J. M. Crafts also found that between 218° and 432° the chloride has a vapour density 
of 9*19 in accord with the formula ALC1 6 . According to L. F. Nilson and 
O. Pettersson, the chloride dissociates as the temp, approaches 758° when the vapour 
density is 4*802. At 800° the dissociation is complete, for the vapour density is 
4*542 at 835°, and 4*557 at 943°. This corresponds with the formula A1C1 3 , whose 
theoretical vapour density is 4*6. Towards 1117° there are signs of a decomposition, 
for the vapour density is then 4*269, 4*247 at 1244°, and 4*277 at 1260°. It is 
therefore inferred that tho mol. has the formula A1 2 C1 6 below 440° ; that, it is partiaUy 
dissociated Al 8 Cl^Ba2AlCl 3 between 440° and 600° ; and above 600°, the mol. has 
the formula A1C1 3 (Fig. 60). V. Meyer and H. Zublin add that aluminium chloride is 
partially dissociated above 100°, A. Werner found that in pyridine soln. the mol. 
is probably A1C1 3 ; E. Beckmann obtained similar results for soln. in ether ; and 
E. P. Kohler for soln. in boiling or freezing nitrobenzene. E. P. Kohler showed 
that the formation of addition products with pyridine and nitrobenzene vitiates 
the mol. wt. determinations in these solvents unless precautions be taken to correct 
the results. According to W. Biltz, the f.p. of aq. soln. agree with the assumption 
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that the mols. are associated, not less than A1 2 C1 <j, but E. P. Kohler has shown that 
in water soln. or in any solvent that is known to combine with it, aluminium chloride 
has a mol. wt. corresponding with the formula A1C1 3 , whereas in an indifferent solvent 
like carbon disulphide, it has the doubled mol. wt. 

J. R. Collins measured the ultra-red absorption spectrum of soln. of aluminium 
chloride. W. Jevons found aluminium chloride becomes phosphorescent when 



Temperature Temperature 


Fig. 00.— Effect of Temperature on the Vapour Fia. 01. — Electrical Conductivity 
Density of Aluminium Chloride. of Aluminium Chloride. 

exposed to active nitrogen. 11. Buff stated that fused anhydrous aluminium 
chloride ran be electrolyzed, but W. llampe states that )f quite pure the molten 
salt does not conduct electricity. W. Biltz and A. Voigt found the electrical con- 
ductivity increases from zero at ordinary temp, to It) 0 mhos at the m.p., when it 
drops abruptly to zero, and slowly rises again, Fig. 01. 

me nu- is- 2 '’ isie 2 oo° 227 " 245 * 

Mhos x 10® . • 0-21) 0-70 2 (> Ml 0-50 0\S(> 11 

Observations were also made by A. Bcnrath. II. Lev found the mol. conductivity, 
/x, of a mol of the salt AlClj in r litres of water to be : 

t- . .32 ID 12H 25(1 512 1024 

ft . . 100 0 114 1 123-8 131-0 138 0 

and he also studied the degree of hydrolysis as indicated above. According to 
K. J. Meyer, the eq. conductivity rises from 99*0 for a soln. of a mol of A1C1 3 in 32 
litres to 138 for a dilution 1024 litres ; so that A 1024 - A 30 is 381, a little greater than 
for scandium chloride. For tcrvalent salts this difference usually amounts to about 
26 units, and the increased value with aluminium and scandium chlorides is explained 
by the high ionic mobility of the hydrogen ions of the acid set free by hydrolysis. 
H. C. clones and F. H. Getman have calculated the degree of hydration of the salt 
in cone. aq. soln. from the electrical conductivity and the f.p. of aq. soln. 
A. Heydweiller measured the sp. gr. and electrical conductivity of soln. of aluminium 
chloride. A. B. Bryan measured the conductivity of flames charged with aluminium 
chloride; and F. E. Bartell and D. C. Carpenter studied the rate of osmosis. 
F. Guthrie found that a mixture of hexahydrated aluminium chloride with three 
to four times its weight of ice gave a soln. at — 13”. F. E. Bartell and D. C. Carpenter 
measured the difference of potential of water and soln. of aluminium chloride 
separated by a permeable membrane. F. E. Bartell and 0. E. Madison found that 
in the osmosis of soln. of alumiuium chloride, the membrane becomes electropositive 
to the soln., and the soln. side of the membrane is electropositive, and the osmosis 
is positive. F. E. Bartell and L. B. Sims studied the swelling of colloidal membranes 
by soln. of aluminium chloride. 

G. T. Gerlach found 100 grms. of a sat. soln. contained 41 13 grms. of aluminium 
chloride, A1C1 3 , at 15°, and the sp. gr. of the soln. was 1354 ; aq. soln. containing 

Per cent. A1C1 S . .6 10 15 20 25 30 35 40 

Sp.gr. . . 1-0301 1 0734 1-1125 1 1537 1 1968 1*2422 1-2905 1-3415 
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F. Wohler noted that anhydrous aluminium chloride fumes in moist air, and 
smells of hydrogen chloride. According to M. Berthelot, when heated with oxygen 
to redness, there is a partial displacement of the chlorine, either due to the formation 
of an oxychloride or to the balanced reaction: 2 A1 2 0 3 -j- 6C1 2 =f^ 4: A1CI 3 -j- 30 2 — the 
heat of formation of A1 2 0 3 is 31116 Cals., and of A1 2 C1 6 , 301'8 Cals. 

P. Hautefeuille and A. Perrey 5 prepared what they regarded as aluminium 
oxychlorides by the combustion of aluminium in a mixture of vapour of aluminium 
chloride and oxygen ; and in a mixture of chlorine and oxygen. The composition 
of the products was indefinite. The white crystals are decomposed by water, and 
dissolve in dil. acids and alkalies. D. Tommasi reported that aluminium acts 
briskly on cupric chloride at ordinary temp., forming copper, hydrogen, and an 
aluminium oxychloride whose composition varies with the temp. ; and he added 
that if aluminium be allowed to act on the product, an oxychloride of the com- 
position A1C1 3 .6A1(0H) 3 .6H 2 0 is produced. A soln. of this compound is decomposed 
by a drop of sulphuric acid with the precipitation of aluminium hydroxide ; 
it is sparingly soluble in acid, and is possibly an isomeric modification of the 
hydroxide. 

L Liechti and W. Suida examined the solubility of aluminium hydroxide in 
soln. of aluminium chloride, and they found that when the former is added 
to the latter in quantity sufficient to form tho basic salt A1 2 C1 4 (0H) 2 , the 
alumina dissolved only on heating and the soln. remained clear on cooling. To 
this clear soln. a further quantity of aluminium hydroxide was added sufficient to 
form the compound A1 2 C1 2 (0I1) 4 . It was, however, found that no more alumina 
could be made to dissolve, the precipitate even increasing, and on filtering it was 
found that the soln. contained an equal number of mols of normal A1 2 C1 3 and of HC1. 
The nascent A1 2 (J1 2 (011) 4 had apparently decomposed according to the following 
formula : 7Al 2 Cl s (()lI) 4 +2H 4 0 -5AL(OH) 0 -|-2A1 2 C1 6 +2HC1. In the same way it 
was proved that, on adding aluminium hydroxide to A1 2 (S0 4 ) 3 soln. sufficient to produce 
the basic compound A1 4 (S() 4 ) 3 (OH) 0 , no alumina at all dissolved, the filtrate only 
containing Al 2 (S0 4 ) 3 . Here, too, we must suppose that the uaseent basic compound 
decomposes as follows: AI 4 (S0 4 ) ; ,(0H) 6 ~Al 2 (OH) a -f A1 2 (S0 4 ) 3 . E. Schlumberger 
prepared a colloidal form of aluminium hydroxide which he regarded as having the 
composition Al tt O J4 H 10 , and he found it to dissolve in cold dil. hydrochloric acid, 
forming a viscous opalescent liquid which gives a gum-like coagulum supposed to 
be a hydrochloride Al 0 O 14 H lo .HCl, but is more likely to be colloidal alumina with 
adsorbed acid— similar remarks apply to the nitrate, acetate, and sulphate. Accord- 
ing to M. Adolf and co-workers, it is impossible to remove all the chlorine from the 
products of hydrolysis of aluminium chloride by washing. A quantity of chlorine, 
which is greatly in excess of that contained in the hydrochloric acid required for 
peptization, always remains. O 11 boiling well-washed aluminium hydroxide with 
dil. hydrochloric acid, sols of various compositions are obtained up to a limiting 
composition represented by the formula [A1(0H) 3 J 2 , A10C1. Of these, two have 
been investigated. Aluminium hydroxydichloride, A1CL.OH, behaves as a ternary 
electrolyte, and, on dilution, it is strongly dissociated, the process being complete at 
a dilution 0O0106N. This compound shows a remarkably small degree of hydrolysis, 
amounting only to 01 per cent, at 0*06 &N, and in a 0‘00106A T soln. is only 0*25 per 
cent. The compound aluminyl monochloride, Al(OH) 2 Cl or A10C1, behaves as a 
binary electrolyte. The conductivity data indicate that a complex ionization occurs 
in this case of the type Al(OH) 2 Cl | AlO, indicating a compound in which one 
aluminium atom of the complex acts as the central atom of a negative complex, 
whilst the other furnishes a stable univalent positive ion. The peptization of 
aluminium hydroxide leads to a sol of the composition 2[A1(0H) 3 ]A1(0H) 2 C1, and 
this on dilution undergoes complex ionization represented by the formula;: (1) 

10A1(OH) 3 .4A10C1.A10 j Cl; (2) 12Al(0H) 3 .r,A10Cl.A10 | Cl; (3) 16A1(0H) 3 . 
7AIOC1.AIO 1 Cl. On tho other hand, no complex ionization of the form 
Al(OH) tf | AlO has been observed in the case of aluminium hydroxide. 
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According to 0. C. Ralston, the reaction between moisture and aluminium chloride often 
does not take place at once, but the hydrochloric acid is given off slowly on standing. If 
the surface of a mass of anhydrous aluminium chloride is allowed to ‘'glaze'* with a coat-, 
ing of aluminium chloride hydrate (AlClj.OBLO) and the mass is then sealed in a tight con- 
tainer, the water of the hydrato slowly diffuses to the remaining anhydrous material and 
reacts to form aluminium oxide and hydrochloric acid gas. As the reaction proceeds the 
pressure of the gas finally becomes strong enough to burst, tho container. A glass bottle 
filled with aluminium chloride which has been exposed to tho open air for a few minutes 
before being placed in the bottle may blow its stopper in this way*.* Large drums filled 
with tho commercial product have been known to “explode,” probably from this eause. 

When aluminium chloride is heated with water vapour, H. Kunheim noted the 
formation of hydrogen chloride and aluminium hydroxide. H. Rose stated that 
when distilled with sulphur trioxide it forms chlorine, sulphur dioxide, and aluminium 
sulphate. R. Weber studied the reaction between aluminium chloride and sulphur 
chloride, S 2 C1 2 , and he observed the formation of a double compound, 2Al('ly.SCl 4 ; 
0. Rul! also prepared A1C1 3 .SC1 4 by the action of sulphur chloride, SCl 2 , on a soln. of 
aluminium chloride in sulphuryl chloride, S0 2 C1 2 , thus: 3SC1 2 -|-A1C1 3 -- AICI3.SUI4 
-fS 2 Cl 2 . F. Wohler, and E. Baud noted the formation of double compounds with 
hydrogen sulphide, 2A1C1 3 ,H 2 S, and A1C1 3 .H 2 S. The first-named compound is pre- 
pared with liquid hydrogen sulphide but dissociates at -15° into hydrogen sulphide 
and 2A1C1 3 .II 2 S, which is stable at ordinary temp, and press. R. Weber also prepared 
2AlCl 3 .Se(1 4 and 2AlCl 3 .Te('I t . E. Baud, 0. Ruff, and A. Adrianowsky studied the 
formation and properties of 2A1('1 3 .S0 2 and AIC1 3 .S0 2 . The latter is prepared by 
subliming aluminium chloride in a current of sulphur dioxide; it dissociates at 80°, 
forming 2A1( , 1 3 .S() 2 . which can be distilled at 200". The heat of formation of 
AKTj 80 2 is 14*46 Cals., and the heat of soln. 298 62 Cals. ; the heat of formation 
of 2 AICI3 S0 2 is 1 85*33 Cals., and the heat of soln. at LV, 15054 Cals. J. A. Besson 
prepared double compounds of aluminium chloride with thionyl bromide or thionyl 
chloride. F. Wohler, and A. Recount prepared aluminium chlorosul pliate, 
A1(S0 4 )C1 6H0O, by the action of boiling fuming hydrochloric acid on aluminium 
sulphate. V. Thomas obtained the double compound 2A1CI 3 .N0 by slowly sub- 
liming aluminium chloride in an atm. of nitric oxide ; and R. Weber, A1C1 3 .N()C1, 
by the action of the gases from aqua regia on aluminium chloride. E. Baud found 
that acetylene is absorbed by anhydrous aluminium chloride in tin 1 eold, and rapidly 
at 70 - 130 J , forming a black volatile compound, 7(C 10 H, r) . 6 ).2Al 2 Cl rt . According to 
W. E. Henderson and W. C. Cangloff, dry acetylene acts on an alcoholic soln. of 
aluminium chloride, forming well-defined colourless crystals of AlCl 3 .2C 2 H 2 .2H 2 0 : 
and with ethylene, giving A1C1 3 .3C 2 H 4 .H 2 0. 

When an aq. soln. of aluminium chloride is treated with ammonia, aluminium 
hydroxide is precipitated, and J. J. Berzelius thought that the precipitate formed 
when insufficient ammonia is added to saturate completely the soln. is a basic 
chloride or oxychloride. I11 all probability the product is colloidal aluminium 
hydroxide, with adsorbed chloride. E. U. Franklin found aluminium chloride to be 
insoluble in liquid ammonia. According to E. Baud, if a stream of well-dried 
ammonia be passed over sublimed aluminium chloride much heat is evolved, the 
mass becomes liquid, and then solidifies to a voluminous white powder, aluminium 
hexamminochloride, AlC^.ONHj. The last mol. of ammonia is taken up very 
slowly. When treated with hydrogen chloride, there is no perceptible action below 
-15° ; at 0°, the reaction is very slow, and at 15" vigorous producing ammonium 
chloride, ammonia, and 6A1C1 3 .NH 3 . J. M. Stillmann and M. B. Yoder found that 
when heated in air, ammonium chloride and alumina A1 2 0 3 .H 2 0 are formed. 
E. Baud says the hexamminochloride is less hygroscopic than the chloride ; and that 
on exposure to air, it absorbs moisture and loses ammonia, forming aluminium 
hydroxide and ammonium chloride. The heat of formation A1C1 3 , 3NH 3 is 1 34*1 1 
Cals. E. Baud noted that when the hexamminochloride is cooled with liquid am- 
monia, and the latter is allowed to evaporate with the temp, below -22°, aluminium 
enneamminochloride, A1C1 8 .9NH 3i is formed with a vap. press, of 1790 mm. at 0° ; 
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978 mm. at - 10*7° ; 760 mm. at — 14'6° ; 481 min. at — 22 3° ; and 189 mm. at 
—37°. There is no break in the curve. The heat of formation, AlCl3.6NH 3 -j-3NH 3 , 
is 24*81 Cals. E. Baud found that when the hexamminochloride is heated below 
150°, the evolution of ammonia is not very marked, but at that temp, ammonia is 
evolved and aluminium pentamminochloride, A1C1 3 .5NH 3 , is formed. J. M. Stillmann 
and M. B. Yoder obtained the same product by heating the hexamminochloride 
for 12 hrs. at 100° in a stream of hydrogen. The heat of formation A1C1 3 .-|-3NH 8 
is 38-84 Cals. E. Baud obtained aluminium triamminochloride, AICI3.3NH3, by 
heating the pentamminochloride to 275° ; ami H. Rose, and J. F. Persoz, by treating 
aluminium chloride with ammonia until the mass becomes liquid. The heat of 
formation A1C1 3 f 3NH :} is 83*77 Cals. J. M. Stillmann and M. B. Yoder heated 
aluminium hexamminochloride in an atm. of hydrogen for 10 hrs. between 200° and 
240°. Analyses of the semi-liquid hygroscopic mass agreed with alu minium di- 
amminochloride, A1C1 3 .2NH 3 . G. L. Clark reported the temp, at which these 
different amniines dissociate at 100 mm. press,, to be —13° for the ennea-ammine ; 
77° for the hexammine ; 280° for the pentammine ; 427° for the triammine ; and 
752° for the monaramine. According to E. Baud, if aluminium triammino- 
chloride be heated to 280° it melts, and at 400°, distils as a colourless liquid which 
rapidly solidifies to a white translucent mass with the composition 6A1C1 3 .NH 3 — 
aluminium hexita-amminochloride. H. Rose obtained a similar product by the 
distillation of one of the higher ammino compounds in a stream of hydrogen. H. Rose 
assigned to this product the formula AIC1 3 .NH 3 , but E. Baud showed that an excess 
of ammonia was present in H. Rose’s product, and that with repeated distillation 
6A1C1 3 .NH 3 is formed. By distilling 6A1C1 3 .NH 3 in a stream of ammonia, the product 
contains AlCl 3 j-2*33NH 3 and evolves 38*83 Cals. — but is not a chemical individual. 
The compound forms a clear soln. with water. H. Rose reported that aluminium 
chloride absorbs about 3 07 per cent, of phosphine in 5 hrs. in the cold, but is sub- 
limed in a stream of the gas, forming crystals of the double compound 3A1C1 3 .PH 3 ; 
small quantities of this compound dissolve in water with the evolution of phosphine 
not spontaneously inflammable in air, larger quantities give the spontaneously in- 
flammable gas. The latter gas is also obtained when the compound is treated with 
ammonia. E. Baudrimont, and R. Weber prepared A1C1 3 .PC1 6 ; and W. Casselmann, 
AICI3.POCI3. With carbonyl chloride, E. Baud prepared the three compounds: 
2AIC1 3 .5C0C1 2 melting at —2° ; 2AlCl 3 .3COCl2 ; and 4AlCl 3 .COCl2— the two last- 
named compounds are said to occur in commercial aluminium chloride. 

Hexahydrated aluminium chloride is soluble in alcohol ; and in ether. Accord- 
ing to F. 8. Havens, this salt is quite insoluble in alcohol ; and he further found that 
it is quite insoluble in aq. ether saturated with hydrogen chloride, and if ether be' 
added to an aq. soln. of this salt, and the well-cooled liquid be sat . with hydrogen 
chloride, hexahydrated aluminium chloride is precipitated while the chlorides of 
beryllium, zinc, copper, mercury, and bismuth remain in soln. W. Eidmanu says 
hexahydrated aluminium chloride is insoluble in methylal ; and A. Werner, in 
pyridine, and benzene. A number of double salts of aluminium chloride with the 
metal chlorides, and with various organic compounds— and chlorides, ketones, esters, 
nitro-compounds, amines, etc., is known. When bottles of aluminium chloride are 
sealed with paraffin, the salt blackens the seal. A soln. of aluminium chloride may 
segregate into two layers on standing. Most of the chloride remains with the lower 
darker-coloured layer. 

According to F. Wohler, aluminium chloride is reduced when heated with 
potassium, but not under naphtha. N. N. Beketoff did not succeed in reducing 
aluminium chloride by heating it with zinc. A. Daubrfo found that when calcined 
to redness with calcium oxide it forms corundum ; and with magnesium oxide, 
corundum and spinel. A soln. of aluminium chloride acts as an antiseptic and is 
utilized in dyeing. The addition of aluminium chloride accelerates the hydration 
of calcium oxide, of plaster of Paris, CaS0 4 .JH 2 0, and of Portland cement— in the 
latter case provided less than 2*91 per cent, be used. The aluminium chloridt 
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retards the hydration of anhydrous calcium sulphate- EstricJufips. A mixture with 
thionyl chloride, SOO 2 . or sulphur inonochloride, S 2 (1 2 , develops chlorine. These 
and many other reactions, which either do not occur at all or proceed with difficulty, 
will readily take place if aluminium chloride be present as a catalytic agent. 0. Ruff 
assumes that an intermediate compound is formed --AICI 3 . 8 CI 4 . Similarly, thionyl 
chloride and sulphur give sulphur chloride and sulphur dioxide, and the reactions 
are symbolized: AlCl 3 +SOCl 2 r^AlCl 3 .SO+ Cl 2 , followed by A1C1 S .S0 2 ^A1C1 3 4 S0 2 . 
Analogous reactions accelerated by aluminium chloride are the formation of iodine 
chloride and sulphur dioxide from sulphury] chloride and iodine ; of molybdenum 
pentachloride from thionyl chloride and molybdenum dichloride : of hydrogen 
chloride, sulphur dioxide, and sulphur from thionyl chloride, S()C1 2 , and hydrogen 
sulphide ; and of sulphur chloride from sulphur and a soln. of phosphorus penta- 
chloride in phosphoryl chloride at 100°. 

Aluminium chloride is also a valuable catalytic agent in the so-called Friedel 
and (’rafts’ reaction —typified by the synthesis of toluene, CflHg.CHg, bypassing 
the vapour of methyl chloride, CH 3 C1, into a boiling soln. of anhydrous aluminium 
chloride in benzene: C 6 H 6 p (’H 3 (’l — HCl -}-C 6 H r> .CH 3 ; the aluminium chloride 
acts as a carrier, possibly by forming an unstable intermediate compound with 
benzene and methyl chloride. The subject was discussed by J. F. Norris. 
Aluminium chloride is thus used as a catalytic agent and also ns a condensing 
agent in organic chemistry. It was formerly employed in the preparation of 
aluminium. The largest amount of aluminium chloride is used in refining petro- 
leum, when it converts the unsaturated components into saturated compounds ; it 
converts high boiling hydrocarbons into others of low b.p. ; and it removes sulphur, 
partly as hydrogen sulphide and partly as aluminium sulphide. 

Chloroaluminates. -A number of double compounds of aluminium chloride 
with other metallic chlorides and ammonium chloride has been prepared- - -princi- 
pally by E. Baud. 6 Ammonium tetrachloroaluminate, NH 4 C1.A1C1 3 , or NH 4 Al('l 4 , 
was made by heating the calculated quantities of the component salts in a closed 
vessel at 250° or 3<X)°. The mixture is melted, and, on cooling, forms a crystalline, 
mass which can be distilled unchanged at a red heat in a stream of hydrogen or 
nitrogen. The heat of formation NH 4 ('l -f- A1C’1 3 is 13 26 Cals., the heat of soln. at 
15°, 60*48 Cals. This compound was also prepared by J. Kendall and co-workers, 
and its in.p. found to be 304°. 

J. Kendall and co-workers made lithium tetrachloroaluminate, LiCl.AlCl 8 . 
F. Wohler found that when the vapour of aluminium chloride is passed over heated 
sodium chloride a yellow compound is formed which does not give off aluminium 
chloride when strongly ignited, and which dissolves in water, forming a soln. which 
yields crystals of sodium chloride, on evaporation. H. St. (’. Deville and H. Rose 
also prepared the same compound. The composition is represented by the formula 
NaCl.AlClg, or NaAlCl 4 -sodium tetrachloroaluminate. The compound was once 
used in the manufacture of aluminium and was made industrially by heating a 
mixture of alumina, carbon, and sodium chloride in a clay retort to a white heat in a 
stream of chlorine when the sodium tetrachloroaluminate sublimes. M. Dullo made 
it by heating a mixture of sodium chloride, carbon, and clay in a current of chlorine 
until silicon tetrachloride begins to form, indicating that all the available alumina 
has been transformed into sodium chloroaluminate. J. Kendall and co-workers 
made this salt ; R. Bunsen obtained the same compound by fusing together the 
component salts ; and said that the m.p. is below 200°, while H. St. C. Deville said 
about 185°. E. Baud gives the heat of formation AlClg-pNaCl as 5*95 Cals., and the 
heat of soln. at 15° as 70 71 Cals. H. St. C. Deville found that when the vapour is 
passed over strongly heated iron, ferrous chloride and an alloy of aluminium and iron 
is formed ; and when heated with potassium hydrogen sulphate, thionyl chloride and 
chlorine are formed. H. Bassett observed that the salt is reduced to aluminium by 
boron, arsenic, antimony, tin, zinc, mercury, and by the amalgams of tin, zinc, and 
antimony. R. Bunsen obtained aluminium by the electrolysis of the fused salt. 
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B. Baud also found that the alkali chlorides of the type MCl.AlClg absorb ammonia 
to form alkali hexammino-tetrachloroaluminates, MCI.AICI3.6NH3. The heats of 

formation and soln. of the ammonium compound are respectively 126*04 Cals., and 
—2*73 Cals. ; of the sodium compound, 177 93 Cals, and 5*61 Cals. ; and of the 
potassium compound 1 26*08 Cals., and —3 04 Cals. The salt dissolves in water 
and the soln. deposits sodium chloride on evaporation. H. C. Jones and K. Ota 
found the electrical conductivity of dil. soln. is very little different from the calcu- 
lated conductivities of the components, but with 1*0 to l*5A-soln. the conductivity 
deviates 13 per cent, from the calculated value. E. Baud made sodium enneachloro- 
dialuminate, 3NaC1.2AlCl a , or Na 3 Al 2 Cl 9 , by heating aluminium chloride with sodium 
chloride to about 500° ; the molten portion has the composition AlC^.l^KCl, while 
the excess of alkali chloride remains undissolved. The heat of formation lJNaCl 
+AICI3 is 7*64 Cals., and the heat of soln. at 15°, 68*48 Cals. By fusing together 
calculated quantities of the component salts, E. Baud made 3NaCl.AlCl 3 , sodium 
hezachloroaluminate, with the heat of formation 9*6 Cals., and a heat of soln. at 15°, 
54*86 Cals. 

E. Weber made potassium tetrachloroaluminate, KC1.A1C1 3 , or KA1C1 4 , by fusing 
together the component salts, and by heating potassium chloride with the double 
compounds of aluminium chloride with phosphorus pentachloride or sulphur di- 
chloride. ,1. Kendall and co-workers made this salt. According to A. F. E. Degen, 
if potash be present when Oerstedt’s process is used for making aluminium chloride, 
there are formed colourless drops of aluminium tetrachloroaluminate which solidify, 
on cooling, to a crystalline mass which deliquesces slowly in air, and dissolves in water 
with the evolution of heat. E. Baud gives for the heat of formation 13*19 Cals., 
and for the heat of soln. at 15°, 60*22 Cals. E. Baud made potassium enneachloro- 
dialumin&te, K 3 A1 2 C1 9 , or 3KC1.2A1C1 3 , by a process similar to that used for the 
corresponding sodium salt ; its heat of formation l£KCl-f-AlCl a is 15*26 Cals., and 
the heat of soln., at 15°, 7*64 Cals. Similar remarks apply to the preparation of 
potassium hexachloroaluminate, 3KC1.A1C1 S , or K 3 A1C1 0 , with a heat of formation 
18*318 Cals., and a heat of soln. at 15°, 46*652 Cals. The evidence that these are 
definite compounds is not conclusive. E. H. Ducloux prepared colourless crystals 
of csesium chloroaluminate, thought to be GsCl.AlClg. J. Kendall and co-workers 
made cuprous tetrachloroaluminate, CuC 1.A1C1 3 , meiting at 233°. E. Chauvenet, 
P. Job and G. Urbain established the existence of cupric octochloroaluminate, 
CuCl 2 .2AlCl 3 ,and of cupric heptachloroaluminate, 2CuC1 2 .A1C1 3 , by thermochemical 
analyses of the aq. soln. E. Baud reported the formation of silver tetrachloro- 
aluminate, AgCl.AlClg, or AgAlCl 4 , when the two components aTe heated in a sealed 
tube at 300° ; the product is less stable than the corresponding alkali salts ; its 
heat of formation is 2*5 Cals., and its heat of soln. at 22°, 75*72 Cals. J. Kendall 
and co-workers mado this salt. E. Baud also made calcium octodecachloro- 
tetraluminate, 4AlCl 3 .3CaCl 2 , with a heat of formation 18*56 Cals., and a heat 
of soln. at 16°, 346*8 Cals. ; it melts below 300°. For the chloroaluminate 
3CaO.CaCl 2 .Al 2 O 3 ,l0H 2 O, vide calcium aluminate. The corresponding strontium 
octodecachlorotetraluminate, 4AlCl 3 .3SrCl 2 , also melts below 300°, its heat of forma- 
tion is 17*42 Cals., and its heat of soln. at 19°, 328*78 Cals. J. Kendall and co- 
workers, and E. Baud made barium octochlorodialuminate, BaCl 2 .2AlCl 3 . The latter 
found the m.p. to be 290°. It crystallizes in silky needles recalling some native 
varieties of spinel ; its heat of formation is 5*39 Cals., and when heated to 500°, 
it loses some aluminium chloride, and forms barium octodecachlorotetraluminate, 
4AlCl 3 .3BaCl 2 , with a heat of formation of 14*6 Cals. J. Kendall and co-workers 
made magnesium octochloroaluminate, MgCl 2 .2AlCl s . The corresponding zinc octo- 
decaohlorotetraluminate, 4AlCl 3 .SZnCl 2 , is a pasty translucent mass, less stable 
than the preceding compounds, with a negative heat of formation, and a heat of 
soln. at 15°, 275*98 Cals. 

E. Beckmann found that on adding baryta-water in excess to a soln. of aluminium 
chloride, the precipitated alumina is dissolved, and on evaporating an hydrated barium 



ALUMINIUM 


323 


t 

oiychlof o aln min a t e, Al 2 0 s .Ba0.3BaCl 2 -f Aq., crystallizes out in microscopic rhombic 
crystals. The substance may also be obtained when a cold cone. soln. of the barium 
aluminatc, AlgOg^BaO l-Aq.,is sat. with barium chloride. 1’nder other conditions, 
a compound of the formula Al 2 0 3 .Ba0.Bat1 2 , can be prepared. Similarly, when a 
current of carbonic anhydride is passed into an aq. soln. of these substances, the 
aluminium and a portion of the barium is precipitated, only the halogen’ salt 
remaining in soln. 


.*> References. 

' C. Frfedel and L. Roux, Compt. Bend., 100. 1911, 1885; G. For men ti and M. G. Levi Boll 
lh\m. Farm., 40. 089, 1901 ; L. F. Nikon and O. Pettersson, Zeit. phu s. Chem 2 067 Iks? • 
Journ. Chon. Soc., 53. 814, 1888. ‘ ' ' ’ 

* H. C. Oersted, QJfven. Hawke Vi d. Selsk. Fork ., 15, 1825; F. Wohler Liehia's 
116. 256, 1860 ; Pogg. Ann., 11. 146, 1827 ; R. Bunsen, ih., 92. 048, 1854 ; .1. von Liebii, ,h lg’ 
if ’ 103 * m L ' 1858 ; 104 - 42, « 18/58 ; 112. 019, 1801 ; H. Rose, ,1, ,^74. 509, 
f S’Vf Cf " ,n ' 23 » 1854 « ( 3 )> 18 ™ : .1. »• A. Dumas, 

Bnnr,on ’ < 8 >’ 2°- 547 ’ 1910 ; M. Shoeld, C.S. Pat. .Vo. 1375110 

1921 ; . 1 ;, J ; (lthhHt ih - ,4225<i0 ’ 1922 ; i-kws, m2 ; h. Howard, »/>.. 1430449, 1922 . 

f • 14051 ,422508 ’ 1922 • L Burgess, 1405183, 1922; A. Mel). McAfee, A, 

1405734, 1922; Cawa/wa Pat. A o. 222309, 1922; B. T. Brooks, »/>., 222312. 1922- G H Kinv 
and G. I. Roberts, ih., 222315, 222310, 1922 ; L. S. Abbott, *6., 222317, 1922 ; J). F. Smith and 

H. Essex, i6., 222320, 1922 ; R. Haddan, /In/. />«/. No. 191582, 1921 ; G. Berger and W. Kiihne 
Herman Pat., D.B.P. 304740, 1921 ; E. R. Wolcott, Brit. Pat. No. 175000, 1920 ; 11. N. Warren’ 

1887 ‘ m r 1889 •* P * Curi «- to- 28. 307, 1874; ,1. B. Cohen, A, 54.’ 
305, 1880; Askenasy, German Pat., D.B.P. 70909, 1894; P. A. Fuvre. ih . 02<K)7 1891 • 
Compt. Bend., 107. 339, 1888 ; E. Baud, A, 140. 1088, 1905 ; E. Demarcay, A, 104 111’ 1887 • 
L. Troost and P. HautofeuilJe, A, 75. 1710, 1819, 1872; H. St. V. Deville, ih., 29. 32J, 1849- 
t. A. Matignon and F. Bourion, A, 138. 031, 700, 1904; H. Quantin, A, 106. 1074, 1888 • 

I. ( amboulives, ih., 150. 175, 221, 1910; E. Chauvenot, A, 152. 87, 1911 ; (A A Matiirnon ih ’ 

180. 1391, 1900 ; H. Gautier and G. Charpy, A, 118. 597, 1891 ; R. Bottger, Polyt. NoUzbL, 19 
257, 1804 ; G. Gustavson, Journ. prakt. Chew., (2), 63. 110, 1901 ; G. Gore, Phi. Matt. (4) to 
J 41 ' L 'J''J Uhe V' P- 2658 ’ 1889 ; F * Stockhausen and L. Gattormann, A, 25. 

352 1 1892 ; l. Havitzky, A, 6. 193, 1873; L. Meyer, A, 20. 081, 1887; K. Seubert and 
V\. I ollard, to., 24. 2575, 1891; Gonsortium fur Elektroehemische Industrie Gesellschuft 
Bnf Pat. No. 170811 1922; ('. Buskorville, Science, (2), 50. 443, 1919; F. I*. Venable and 
D.H. Jackson, Journ khsha Mitchell Soc,, 35. 87, 1920; Journ. Amer. Chart. Soc., 42 2531 

! u S?*? (2) ’ 228 ’ 1870 • H - Es(ales ’ Amer. Chon. Soc., 18. 909,’ 

L?.* S’, 1 *??* 1 T l A * M n man ’ ,h - 35 3G2 > 1918 ; A. Daubr6e, Ann. Mims, (4), 19. 
094 1851 ; h. Kohn-Abrest, Bull. Soc Chim., (4), 5. 768, 118)9 ; F. It. Michel, Ucher krystallisirtc 
\erbinduvyen dcs Aluminium* mil MeUilkn, Gottingen, 1800 ; L. F. Nikon and O. Pettersson 
V h f' ( htm '> \\ 459 * 1887 ! L - Dattermann, Ihe Praxis As organischen Chemikers, Leipzig’ 
llKK); Aluminium Co., Brit. Pat. No. 103975, 1020; Armour Fertilizer Go., A, 100759, 1921 • 
\V. Heap and E. Newbery, A, 130020, 1919 ; E. Biilmann, Bull. Soc. ( hern., (4) 33. 995 1923- 
B. H. Jacobsen, Brit. Pat. No. 181385, J 90688, 1922. ’ 

* Thorey, Buss. Journ, Phann., 10. 321, 1871 ; VV. Madelung, Liebig's Ann., 427. 35 1922 • 
r cz ’. n ^4, 1883 ; G. von Hauer, Sitzber. Akad. If'ien, 39, 438 I 860-* 

n ^‘«P enni8 ’ anor y- 339, 1895; E. Lubarsky, ih., 18. 387, 1898; K. Borsbaeh 

Bfr., 28. 440, 1890 ; H. I/ey, Ber., 30. 2194, 1897 ; Zeit. phys. Chem., 30. 193, 1889 ; J. Ordwav’ 
Amer. Journ. Science, (2), 26. 203, 1858 ; F. A. Gooch and F. M. MeGlenaham, A, (4), 17. 305 
J ® 04 5 * WnMBwmtj Compt. Bend., 32. 702, 1851 ; P. A. von Bonsdorff, Pogg. Ann., 27. 27b’ 

18 33i k. Wohler, A, 11. 146, 1827; Liebufs Ann., 53. 422, 1845; H. Howard, C.S Pat No 

af™ ' BM : A ‘l ab r i T BuU - ‘l 0 C -C"TyJ 3} ’ 1 88 ’ 1888 : E - P Chm-JoZi, 

■ 190,1 ' a A ' B,lno ' BnL Fat - N °- ,7877 °- ,922 ' 

S3l‘ ,«'n WS r e i-lT,' *U l46 '. 1 182 li, H - St - De " lle “ nd r - Troost, Compt. Rend., 46. 
ffAl ; F 7, Cd . C t nd , L - K “ ux - *:• 10 °- U»l. 188 »; Fnedel and J. M. Crafts, ib„ 100. 

L 76 ^? 8 ? \ a i nn - Chim ’ Phy *-' 10 * I71 ' 1891 ; K - fi aud, A, (8), 1. 8, 1904 ; 

*M7), 22. 479, 1901 ; K. Seubert and W. Pollard, Ber., 24. 2675, 1891 ; V. Meyer 
md H. Zublin, A, 18. 811,1880; la. M. Dennis and A. H. Gill, Zeit. anorg.Chem.,9. 339, 1895- 
f 6 ™;-, **•» 15 ‘ l > if ^ 7 i E. E. Somermeier, Phys. Bev., (2), 1. 141, 1913 ; F. E. BarteU and 
241 693 ’ 1920 ! F * F - Bartcll and D. C. Carjaenter, A, 27. 
101, 252, 346, 1923; h. E. Bartell and L. B. Sims, Journ. Amer. Chem. Soc., 44. 289, 1922 • 
Heydweiller, Zeit. anorg. Chem., 116 . 42, 1921 ; W. Biltz, Zeit. phys. Chem., 40 . 201, 1902 ■ 
v naT 9 ' 116 ‘ 261 ’ 1921 * m 261 ’ 1922 ; W. Biltz and W. Wein, A, 121. 257, 1922 ’ 
£• 411(1 A * 1923 ; K. Jauch, Zeit. Physik, 4. 441, 1920; A, B. Bryan 

Phys /?<c (2) 18. 275, 1921 ; J. R. Collins, A, (2), 20. 486, 1022 ; J. von Liebig, Liebig's Inn ’ 
17. 43, 1836 ; H. Buff, A, 103. 218, 1857 ; 110. 257, 1859 ; E. Beikmwnn , Zeit i>hys Chib.**. 



324 


INORGANIC AND THEORETICAL CHEMISTRY 


800, 1003 ; H. Ley, ib ., 30. 245, 1901 ; A. Benrath, ib., 64. 698, 1908 ; L. Rotinjans and 
W. Huchodsky, ib., 87. 635, 1914 ; L. F. Nilson and 0. Pettersson, ib., i. 459, 1887 ; 2. 657, 1888 ; 
4. 206, 1889; Journ . Chem. Hoc., 53. 829, 1888; E. P. Kohler, Amer. Chem. Journ., 24. 385, 
1900 i if. ('. Jones and F. H. Getman, ib., 31. 303, 1904 ; J. Thomsen, Journ, prakt. Chem., (2), 
11. 233, 283, 1875; (2), 12. 85, 271, 1875; P. Sabatier, Bull. Soc. Chim ., (3), 1. 88, 1889; 
F Guthrie, Phil. Mag., (4), 49. 206, 1875 ; W. Hampe, Chem. Zlg., 11. 54, 816, 1887 ; G. T. Ger- 
lach, Zeit. anal. Chem., 8. 250, 1869 ; R. J. Meyer, Zeit. anorg. Chem., 88. 271, 1914 ; R. J. Meyer 
and O. Hauser, Die rhemische Analyse der seltenen Erden, Stuttgart, 34, 1912 ; A. Daubr6e, Compl. 
Rend., 39. 135, 1854; W. Jevons, Nature, 111. 705, 1923. 

* M. Bert helot, Cmnpt. Rend., 86. 787, 1878 ; Ann. Chim. Phys., (3), 15. 185, 1878 ; (5), 16. 
442, 1878 ; E. Baudrimont, ib., 2. 41, 1804 ; H. Rose, ib., (2), 51. 28, 1832 ; E. Baud, ib., (8), 1. 
28, 1904 ; C<mpt. Rend., 134. 1429, 1902 ; 140. 1688, 1905 ; P. Hautefeuille and A. Perrey, ib., 
100. 1219, 1886; ('. Friedel and .1. M. Crafts, tb., 84. 1450, 1892, 1877 ;*85. 74, 672, 1877; 
H. Kunheim, Ueber Einwirkung des Wasscrdampfes auf Chlormetalle bei hoher Temperatur, 
Gottingen, 1861 ; F. Wohler, Pogy. Ann., 11. 146, 1827 ; R. Weber, ib., 101. 465, 1857 ; 104. 259, 
1858 ; 107. 376. 1859 ; 118. 471, 1863 ; C. R. ('. Tichbome, Chem. Nem, 24. 199, 209, 220, 1871 ; 
Hull . Hoc, Chim., (2), 17. 26, 1872 ; A. Adrianowsky, ib., (2), 31. 495, 1879 ; I). Tommasi, ib., 
(2), 37. 443, 1885 ; K. Schlumberger, ib., (3), 13. 56, 1895 ; W. E. Henderson and W. C. Gangloff, 
Journ. Amer. Chem. Hoc., 38. 1382, 1916 ; A. Daubrfo, Compl. Rend., 39. 135, 1854 ; V. Thomas, 
ib., 121. 128, 1896; J. A. Besson, ib., 123. 884, 1896 ; A. Reeoura, tb., 135. 163, 736, 1902 ; Bull. 
Hoc. Chim., (3), 27. 1165, 1 1)02 ; N. N. Beketoff, ib., (1), 1. 22, 1859; L. Liochti and W. Suida, 
Dingle/* Journ., 251. 177, 1883 ; 0. Ruff, Her., 35. 4453, 1902 ; 34. 1757, 3509, 1901 ; W. Cassel- 
mann, Liebig's Ann., 98. 220, 1856 ; A. Werner, Zeit. anorg. Chem., 15. 1, 1897 ; W. Eidmann, 
Kin Beilray zur Erkennlni * des Verhaltens chemischer Verbindungen in nichtwassrigen Lusungen, 
Giessen, 1899 ; F. S. Havens, Amer. Journ. Science, (4), 6. 45, 1898 ; H. Rose, Pogg. Ann., 24. 
298, 1831 ; .1. M. Stillman n and M. B. Yoder, Amer. Chem. Journ., 17. 748, 1895 ; E. C. Franklin, 
ib., 20. 820, 1898 ; E. Baud, Compt. Rend., 130. 131, 1900 ; 132. 134, 553, 690, 1901 ; 133. 869, 
1901 ; 134. 1429, 1902 ; Ann. Chim. Phys., (8), 1. 8, 1904 ; .1. F. Persoz, ib., (2), 44. 320, 1830 ; 
M. Adolf, W. Pauli, and F. Jandrasehitsch, Roll. Zeit., 29. 281, 1921 ; O. C. Ralston, Chem. News, 
127. 246, 1923; G. L. Clark, Amer. Journ. Science, (5), 7. 1, 1924; J. F. Norris, Journ. Ind. 
Eng. ('hem., 16. 184, 1924. 

• E. Baud, Compl. Rend., 133. 869, 1901 ; Ann. Chim. Phys., (8), 1. 8, 1904 ; H, St. C. Deville, 
i6.,(3),43. 27, 1865 ; H. Rose, Pogg. An n., 96. 157, 1855 ; R. Bunsen, ib., 92. 648, 1854; F. Wohler, 
ib., 11. 146, 1827 ; R. Weber, ib., 107. 375, 1859 ; H. C. Jones and K. Ota, Amer. Chem. Journ., 
22. 5, 1899 ; J. Kendall, E. I). Crittenden, and H. K. Miller, Journ. Amer. Chem. Soc., 45. 963, 
1923 ; E. Chauvenet, P. Job, and G. Urbain, Compt. Rend., 171. 855, 1920 ; H. Basset, Dingle/s 
Journ., 173. 359, 1864 ; M. DuJlo, Bull. Soc. Chim., (2), 5. 472, 1866; A. F. E. Degen, Liebig's 
Ann., 18. 332, 1836 ; E. Beckmann, Journ. prakt.Chem., (2), 26. 413, 1882 ; Ber., 14. 2151, 1881 ; 
E. H. Ducloux, Anal. As.uk. Quim. Argentina, 9. 15, 1921. 


§ 16. Aluminium Bromide 

0. Friedel and L. Roux 1 claim to have made aluminium sub-bromide analogous 
with the corresponding subchloride ( q.v .). C. Lowig prepared anhydrous aluminium 
bromide by a process analogous to that employed by H. C. Oersted for the chloride ; 
R. Weber, G. Gustavson, and H. St. C. Deville and L. Troost made it by passing 
bromine vapour over heated aluminium foil ; and they purified the product by 
redistillation. J. W. Mallet redistilled the aluminium bromide from aluminium in 
an atm. of nitrogen. The preparation of highly purified aluminium bromide was 
studied by T. W. Richards and H. Krepelka. I. A. Kablukoff recommends the 
following process for preparing large quantities of aluminium bromide • 

The beak of a glass retort is connected with a sloping, hard glass tube heated in a com- 
bustion furnaoe and bent at the lower end so as to fit into a glass receiver. After the retoK 
is charged with aluminium chips and the hard glass tube is heated sufficiently to prevent 
bromine or aluminium bromide from condensing in it, bromine is allowed to fall gradually 
on to the aluminium from a tap-funnel, bromine vapour from the receiver being conducted 
to a draught by means of a tube. After redistillation, the aluminium bromide is obtained 
as a colourless liquid solidifying to a white mass. Any iron in the aluminium is precipitated 
tha acoording to the reaction : Fe a Br 4 +2Al=Al 1 Br l -f 2Fe. 

soln. at In Weber, J. B. Berthemot, and C. Lowig made needle-like crystals of hexa- 
E; Boated aluminium bromide, AlBr 3 .6H 2 0, by evaporating an aq. soln. of the salt 
chloride, t oonc . sulphuric acid ; or by treating a soln. of aluminium hydroxide in hydro- 
' acid in a similar manner. According to R. Weber, the crystals when heated 
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decompose into water, hydrogen bromide, and alumina. J. L. Kreider found that 
when hexahydrated aluminium bromide is heated between 100° and 210° both water 
and hydrogen bromide are simultaneously evolved whether the salt be heated in 
air or in an atm. of hydrogen bromide, but the action in the latter case is retarded. 
Unlike hexahydrated magnesium bromide, there is no evidence of a differentiation 
of the water mols. during the dehydration, and he therefore represents this salt by 
the graphic formula : 

H H H H 

Br.O.O- — A1 0.0. lir 

HH H.O.H HH 
H.O.H 
Br 

On cooling a 46 per cent. soln. of aluminium bromide by means of a calcium chloride 
freezing mixture, after some under cooling, crystallization occurs with a rise of temp, 
to —9°. The crystals are employed for inoculating a somewhat dil. soln. of 
aluminium bromide and a mass of colourless needle-like crystals of pentadOCft- 
hydrated aluminium bromide, AlBr 3 .15H 2 0, are obtained. They are dried by 
press, between filter paper ; they melt at — 7’5°, forming a turbid liquid at —5°, 
which becomes clear at 0°, and decomposes at 7°. 

Anhydrous aluminium bromide forms lustrous rhombohedral plates of sp. gr. 
2 54. R. Weber found the crystals melt at about 90° to a colourless mobile liquid 
which boils between 205° and 270°. W. Blitz and co-workers gave 301 for the 
sp. gr. at 25°/4°, and 88 7 for the mol. vol. ; and W. Biltz and A. Voigt found the 
sp. gr. at different temp, to be 

100 ° 12 .'*° 1 50 “ 175 ° 200 ° 225 ° 205 “ 

Sp. «r. . 2 B4 2-r»7 2\ r >2 2 40 2 40 2 35 2-20 

The coeff. of thermal expansion is OOOl . J. W. Mallet says the m.p. is 93", and the 
b j). 2633° at 747 mm. press. L. Rotinjanz and W. Suchodsky give 772° K. for the 
critical temp., and the absolute boiling temp. 533° K., so that the ratio TfJT c ~- 0 690. 
According to H. St. ('. Deville, the vapour density is 18 02 at 444 in agreement with 
18T), the theoretical value for AI 2 Br 6 . 1. A. Kablukoff gives 0 08912 for the sp. lit. 
of aluminium bromide between 22 and 76° ; for the latent heat of fusion 10 47 eals. 
per gram ; and for the mol. depression of the f.p., 202°. K. 1\ Kohler found the 
effect of this salt on the b.p. of carbon disulphide and nitrobenzene agreed with the 
formula Al 2 Br 6 ; E. Beckmann also obtained a similar result with boiling soln. in 
bromine, and by the f.p. method. W. Biltz found the effect on the f.p. of water 
agreed with the formula Al 2 Br fi , or possibly with the ionization of the complex 
A1[A I Br« I^Al ' -j AlBr#"\ W. Finkelstein found the mol. wt. from the f.p. of 
aluminium bromide in bromine corresponds with Al 2 Br 6 for all cone. The soln. is 
an electrical conductor. M. Prud’homme, and E. van Aubel discussed the relation 
between the m.p., the b.p., and the critical temp. J. Thomsen gave for the heat of 
formation (Al, Br 3 )~ 120 Cals., M. Berthelot, 126 Cals. ; and N. N. Beketoff, 123 Cals.; 
(J. Gustavson gives for the heat of soln., 901 18 Cals. As in the case of aluminium 
bromide, W. Hatnpe says that molten aluminium bromide is a non-conductor of 
electricity if heated up to its b.p. provided the salt be of a high degree of purity. 
W. Biltz and A. Voigt found the conductivity curve of aluminium bromide was 
similar to that of the chloride, Fig. 60, 

195 ° 232 ® 260 ° 260 ' 270 ° 

Mho X 10 7 . . 0-90 1*0 2-0 2-4 2 (1 

According to W. A. Isobekoff, and W\ A. Plotnikoff, soln. of the halogen salts in 
fused aluminium bromide are conductors. 

M. Berthelot found that water reacts with aluminium bromide with explosive 
violence, R. Weber said that it decomposes when heated in air, and M. Rerthclot 
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added that when heated to dull redness in oxygen, it burns to alumina. W. A. Plotni- 
koff found soln. of aluminium bromide in ethyl bromide conduct the electric current 
more feebly than aq. soln. ; and that the mol. conductivity of normal soln. in ethyl 
bromide is three times as great as a JN-soln. Aluminium appears on the cathode 
during the electrolysis of these solns. H. E. Patten found the metal attacks the 
solvent, forming butane : 2Al4-6C. 2 H5Br— 2AlBr 3 -j-3(' 4 H 10 - R. Weber found 
aluminium bromide to dissolve in carbon disulphide, and that the soln. fumes 
strongly in air. W. Eidmann found it to be soluble in acetone. Like aluminium 
chloride, this salt was found by R. Weber and W. A. Plotnikoff to form a white com- 
pound, AlBr 3 .H 2 S, with hydrogen sulphide, melting at 84°. 

According to R. Weber, aluminium bromide absorbs ammonia at ordinary temp. 
The speed of absorption is at first slow, and then rapid ; the product swells up and 
forms a voluminous powder of aluminium amminobromide which loses ammonia 
when exposed to the air or when warmed. The am mi no-compound can be sublimed 
in a sealed tube without melting ; and when treated with water, ammonia is evolved 
and aluminium hydroxide is formed. W. A. Plotnikoff obtained with phosphoryl 
chloride a compound which has the formula 2AlBr 3 .2P001 3 in a soln. of carbon 
disulphide ; W. A. Plotnikoff has described the compound AlBr 3 .Br 4 .0S 2 as a result 
of the action of bromine on a soln. of aluminium bromide in carbon disulphide. It 
melts in a sealed tube at 86° -90°, and it decomposes at a higher temp. ; it is reddened 
in sunlight or by moisture ; it is soluble in many organic liquids ; and is converted 
by water into Hell and F. Freeh's trithiobromide , (VBr 6 S 3 . W. A. Plotnikoff 
also prepared complexes with phosphorus tri bromide and ethyl bromide, 
AlBr 8 .PBr 3 .0 2 H 5 Br, ethylidene bromide, etc., may be substituted for ethyl bromide; 
similarly with phosphorus pentabromide, AlB^.TB^.tybjBr. 

Aluminium bromide reacts with carbonyl chloride, forming aluminium chloride : 
AlBr 3 -j-3C()('l 2 A1(J1 3 pdCOClBr, provided the carbonyl chloride be in excess, 
while if the aluminium bromide be in excess, aluminium dichlorobromide, AlBrCL, 
is formed. A. von Bartal prepared the last-named compound by passing carbonyl 
chloride into aluminium bromide in a flask heated in a water-bath and connected 
with a second flask placed in a freezing mixture until the contents of the first flask 
became solid. The distillate in the second flask consisted mainly of bromine with 
some carbonyl bromide. From part of the solid residue in the first Husk, anhydrous 
aluminium chlorobromide was obtained, by sublimation in a vacuum, as small, 
brick-red leaflets which fume and deliquesce in the air. The compound sublimes 
practically unchanged at 1 00° -1 20°/ J 5 -20 mm., and melts when heated at 142°-143° 
in a sealed tube. Another portion of the solid residue was dissolved in ice-cold 
water, and on careful evaporation hexahydrated al umin i u m dichlorobromide, 
Al01 2 Br Oli 2 (), was obtained in small, light red to yellow crystals. The hydroxide 
does not fume in the air, but is deliquescent and easily soluble in water ; it does not 
melt even when heated in a sealed tube, but at higher temp, loses water and decom- 
poses. 

J. Keudall and co-workers prepared ammonium tetrabromoaluminate, 
NH 4 Br.AlBr 3 , melting at 232° ; ammonium heptabromoaluminate, NH 4 Br.2AlBr 3 , 
melting at 104-2° ; ammonium decabromoaluminate, NUBr^AlBrg, melting at 
97-8° ; lithium tetrabromoaluminate, LiBr.AlBr 3 , melting at 197° ; lithium hepta- 
bromoaluminate, LiBr.2AlBr 3 , melting at 197° ; lithium docosibromoaluminate, 
LiBr.7AlBr 3 , melting at 114-8° ; sodium tetrabromoaluminate, NaBr.AlBr 3 , melting 
at 201° ; sodium heptabromoaluminate, NaBr.2AlBr 3 ; and sodium tricosibromo- 
aluminate, 2NaBr.7AlBr 3 , molting at 95-6°. R. Weber prepared what he regarded 
as a double salt, potassium tetrabromoaluminate, AlBr 3 .KBr, by fusing together the 
component salts. J. Kendall made the same salt, melting at 191 -5° ; po tassium 
heptabromoaluminate, KBr.2AlBr 3 , melting at 95-8° ; silver tetrabromoaluminate, 
AgBr.AlBr 9 , melting at 215 6°; silver heptabromoaluminate, AgBr.2AlBr 3 ; calcium 
oetobromoaluminate, C»Br 2 .2AlBr 3 , melting at 306° ; and barium octobromo- 
alumiitate, BaBr 2 .2£lBr 3 . E. Beckmann also made barium oxybromoaluminate, 
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Al 5 jO 3 .BaO.BaBr 2 .Aq., analogous to the corresponding chloride. J. Kendall and 
co-workers made magnesium octobromoaluminate, MgBr 2 . 2 AlBr 3 ; zinc octobromo- 
aluminate, ZnBr 2 .2AlBr 3 , melting at 111*5°; cadmium oetnhmmAfll n ruina te, 
CdBr 2 .2AlBr 3 , melting at 221° ; mercurous tetrabromoaluminate, HgBr.AlBr 3 , 
melting at 261° ; and two forms of mercuric octobromoaluminate, HgBr 2 .‘2AlBr 3 , 
melting respectively at 102*8° and 103*9°. M. I. Konowaloff, W. A. Plotnikoff, 
G. Gustavson, and othc*rs have studied the compounds of aluminium chloride with 
various organic compounds. G. Gustavson, and J. A. Besson used aluminium 
bromide as a brominating agent in organic synthesis. 
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$ 17. Aluminium Iodide 

According to F. Wohler , 1 aluminium does not alter when heated in iodine vapour, 
but II. Weber found that if heated with about ten times its weight of iodine in a 
sealed tube the combination was attended by the evolution of light ami heat. The 
brown product can be purified by repeated sublimation with an excess of aluminium 
in a sealed tube. R. Weber also formed the same compound by heating aluminium 
with silver iodide in a sealed tube. G. Gustavson heated the two elements in a 
stream of dry carbon dioxide and obtained aluminium iodide ; and he obtained the 
same compound by leaving a mixture of eq. proportions of the t wo elements and three 
times their weight of carbon disulphide in a stoppered vessel for about two days at 
the ordinary temp. The iodide dissolves in the solvent as fast as it is formed. 
The action is slower with benzene or ethyl iodide as solvent. I. L. Panfiloff made 
an aq. soln. by digesting aluminium with iodine in the presence of warm water, and 
R. Weber by dissolving aluminium hydroxide in hydriodic acid. 

By evaporating an aq. soln. of aluminium iodide over cone, sulphuric acid, 
R. Weber obtained yellowish or white crystals of bexahydrated aluminium iodide, 
A1I 3 .6H 2 0, which, when heated, give off water, iodine, and hydrogen iodide, leaving 
residual alumina. I. L. Panfiloff treated a 58 per cent. soln. of aluminium iodide 
as in the case of aluminium bromide, and obtained yellowish or white needles of 
pentadecahydrated aluminium iodide, A1I 3 .15H 2 0, which begin to melt at —25° 
and are completely fluid at —18°. F. Ephraim and I. Kornblum made aluminium 
Snlpbitoiodlde, A1I 3 .S0 2 , by direct union o( the constituents at a low temp. 
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Anhydrous aluminium iodide forms white deliquescent plates which can be 
purified by crystallization from carbon disulphide. The crystals have a sp. gr. of 
2 * 63 , and melt to a mobile liquid at 185°. W. Biltz and co-workers gave 3*98 for 
the sp. gr. at 25°/4°, and 102*5 for the mol. vol. W. Biltz and A. Voigt found 

200 ° 205 ° 210 “ 220 ° 230 ° 240 ° 382 ° 

Hp. «r.. . 3-20 3 18 3-17 3-15 3 12 3-10 2*78 

According to L. Rotinjanz and W. Suchodsky, aluminium iodide boils at 350° 
or 623° K., and has a critical temp, of 955° K., so that the ratio T b /T e =0*652. 
H. St. C. Deville and L. Troost found the vapour density at 444° to be 27*0 (air 
unity) when the theoretical value for the formula A^Ig is 28*2. E. Beckmann found 
the mol. wt. of a soln. of aluminium iodide in molten iodine agrees with the formula 
Aljjlfl ; and E. P. Kohler obtained a similar result for soln. in boiling carbon 
disulphide. M. Prud’homme, and E. van Aubel discussed the relation between the 
m.p., the b.p., and the critical temp. The heat of formation is 86*3 Cals., according 
to M. Berthelot ; J. Thomsen gives 70*3 Cals, and the heat of soln. 89 cals. W. Biltz 
and A. Voigt found the electrical conductivity curve to be general like that of 
aluminium chloride, Fig. OJ, 

200 ° 220 ° 238 ° 200 * 270 * 

Mho y 10". . . . 2({ 3-9 4-7 0-3 7-4 

According to R. Weber, aluminium iodide decomposes very easily when heated 
m air, losing iodine and forming alumina ; the vapour of aluminium iodide is 
Inflammable, burning with an orange-red flame, forming a cloud of alumina ; and 
Mi Berthelot found a mixture of the vapour of aluminium iodide and air explodes in 
contact with a flame, and he explains this by the difference in the heats of formation— 
Alfel(j, 172*8 Cals. ; A1 2 0 3 , 391*6 Cals. Aluminium iodide fumes in air, and deliquesces 
rapidly. It readily dissolves in water with the evolution of much heat; when the 
aq. soln. is boiled, it decomposes, as also is the case with aq. or alcoholic soln. in the 
presence of zinc or aluminium. According to R. Weber, hydrogen sulphide has no 
action on aluminium iodide. 

According to R. Weber, aluminium iodide does not absorb ammonia, but 
E. C. Franklin finds it to be very soluble in liquid ammonia, forming a clear colourless 
sol* 1 * ‘Km* aluminium icosiamminoiodide, A1I 3 .20NH 3 , crystallizes on cooling 
to —33' ; at 8° to 13°, these crystals lose ammonia, and form aluminium hexam- 
rainoiodide, All 3 .(>NH 3 . Considerable quantities of potassium amide, KNH 2 , can 
be added to the soln. of aluminium iodide in liquid ammonia without forming a 
permanent precipitate, for the precipitate which first appears dissolves when the 
liquid is agitated. With limited amounts of potassium iodide, aluminium tri- 
iodotriamide, A1 2 (NH 2 ) 3 I 3 , or A1I 3 .A1(NH 2 ) 3 , is formed: 3KNH 2 f 2AU 3 -3KI 
-f-AH 3 .Al(NH 2 ) 3 . At ordinary temp., this salt separates from its soln. with six 
mols. of ammonia of crystallization forming aluminium hexamminotriiodotri- 
amide, Al(NH 2 ) 3 .AlI 3 .6NH 3 ; at low temp, the salt separates with about twenty 
mols. of ammonia of crystallization, and when treated with potassium amide this com- 
pound produces insoluble aluminium amminoiodopentamide, A1 2 (NH 2 ) 6 I.NH 3 , or 
Al(NH 2 )3.Al(NH 2 ) 2 I.NH 3 , which, when heated to 160°, loses two mols. of ammonia, 
producing Aluminium iodoimidotriamide, A1(NH 2 ) 3 .A1NHI. The salt is soluble 
m carbon disulphide, from which it crystallizes when a hot soln. is cooled ; it is also 
soluble in alcohol ; and, according to G. Gustavson, in ether. Carbon tetrachloride, 
CCI4, and hexachloride, C 2 C1 6 , react vigorously with the liberation of iodine, and 
G. Gustavson represents the reaction in a soln. of carbon disulphide : 4 AII3 -f- 3CC1 4 
— 3CI 4 -f4AlCl 3 . A. von Bartal found liquid carbonyl chloride reacts vigorously 
with aluminium iodide dissolved in carbon disulphide, but no new compounds were 
isolated from the products — vide the corresponding reaction with aluminium 
bromide, 

R. Weber heated powdered potassium iodide with aluminium iodide in a sealed 
tube and obtained £ crystalline mass of potassium tetraiodoaluminate, A1I 3 .KI, 
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or KAII 4 , which melts readily, and is not easily decomposed at high temp. It 
dissolves in water with the evolution of much heat. Similar remarks apply to 
sodium tetraiodoaluminate, NaAlI 4 . E. Beckmann prepared barium oxy- 
iodoaluminate, Al 2 03.Ba0.BaI 2 4Aq., analogous to the corresponding chloride. 
A. Duboin alternately dissolved aluminium and mercuric iodides in water until 
saturated and obtained a clear yellow liquid, D- 01 3'05, which, when placed 
in dry air for several months, absorbs oxygen, becoming much deeper in colour, 
and depositing crystals of the mercuric oxyiodoaluminate, Hg().2AlI a .3HgL. 
15H 2 0, having D° 3*97. A soln. of aluminium iodide dissolves silver iodide, giving 
a liquid, I) 19 ' 8 234. This, on spontaneous evaporation, deposits yellow crystals 
of silver oxyiodoaluminate : 2AlI 3 .5Agl.2Ag0.13H 2 0, which alter extremely 
rapidly in air. 
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§ 18. Aluminium Sulphides 

F. Wohler 1 dist died sulphur over aluminium without combination, but, according 
to F. G. Heichel, if sulphur vapour be carried in a stream of hydrogen over red-hot 
aluminium, or, according to F. Wohler, if sulphur be thrown into red-hot aluminium, 
a vigorous reaction ensues, andlluminium sulphide, A1 2 S 3 , is formed. F. Knapp 
and P. Kbell obtained it by adding sulphur to molten aluminium. W. Spring 
said that a little sulphide is formed when a mixture of sulphur and aluminium is 
compressed at 65 atm. W. Stein obtained aluminium sulphide by burning aluminium 
in sulphur vapour ; and H. Fonzcs-Diacon, by igniting a mixture of sulphur and fine 
aluminium powder by means of a piece of burning magnesium. The combustion 
is propagated through the mass ; C. Matignon prepared it in a similar manner. 
W. Biltz and F. Caspar! purified the product by sublimation in vacuo at 1100"-- 
1250°, when it forms crystals resembling asbestos. Good crystals are obtained 
by sublimation, in nitrogen under atm. press., from a carbon tube at 1500°- 
1600°. The yellow sublimate, more volatile than aluminium sulphide, is silicon 
sulphide. 

H. St. (-. Devillo said that neither hydrogen sulphide nor potassium sulphide 
acts on red-hot aluminium, and F. G. Reichel made a similar observation with 
respect to ammonium sulphide. Aluminium, however, reacts readily with many 
other sulphides, forming aluminium sulphide and an alloy of the metal and aluminium. 
H. Fonzes-Diacon ignited a mixture of aluminium powder and antimony sulphide 
by means of a piece of burning magnesium, the combustion is rapidly propagated 
through the mass ; A. Mourlot heated aluminium with an excess of antimony 
sulphide in an electric furnace, the antimony volatilized, and crystalline alu- 
minium sulphide remained. A. Mourlot also used a mixture of aluminium and 
zinc sulphide ; C, Tissier, silver sulphide ; and C. T. J. Vautin, lead or other 
metal sulphide. 
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According to F. G. Reichel, a mixture of alumina and sulphur or sulphur and 
carbon does not furnish aluminium sulphide, but A. H. Bucherer obtained the 
sulphide by the action of sulphur on a white-hot mixture of alumina and carbon. 
0. W. Vincent obtained the sulphide by heating alumina with sodium sulphide ; 
W. Stein, by heating alumina with sodium carbonate and sulphur ; and T. Petitjean, 
and M. Herzog, by heating alumina with soda, sulphur, and tar. 0. Schumann 
found that traces only of aluminium sulphide are formed when hydrogen sulphide 
is passed over red-hot alumina. A. Gautier found hydrogen sulphide furnishes 
aluminium oxymlphide A1 2 0 3 .A1 2 S 3 , when passed over alumina at a white heat, 
4Al 2 0 3 ~f 9H 2 S- 2(Al 2 0 3 .Al 2 S 3 )--F3S0 2 -p9H 2 . E. Fremy showed that if carbon 
disulphide be employed, aluminium sulphide is readily formed. E. Fr<?my said : 

It is well known that sulphur has no action on alumina. 1 thought it might be possible 
to replace the oxygen by sulphur if I introduced or intervened a second affinity as that of 
carbon for oxygen. Decompositions produced by two affinities are very frequent in chem- 
istry ; it is thus that carbon and chlorine, by acting simultaneously on silica or alumina, 
produce silicon or aluminium chloride, while either alone could not decompose it. ... I 
thought that carbon disulphido ought to act at a high temp, on silica, magnesia, and alumina 
producing easily their sulphides. Experiment confirmed this view. ... To facilitate the 
reaction with alumina, and to protect the sulphide from the decomposing action of 
the alkalies contained in the porcelain tube which was used, I found it sometimes useful 
to mix the oxides with carbon and to form the mixture into bullets resembling those 
employed in the prepaiation of aluminium chloride. I ordinarily placed the bullets in little 
carbon boats, and healed the tube to whiteness in the current of vaporized carbon bisulphide. 
The presence of divided carbon does not appear useful in tho preparation of this sulphide. 
Aluminium sulphide being non-volatile (under these conditions) it is always mixed with 
some about 03*5 percent, undecomposed alumina. Indeed, it is impossible to transform 
entirely all the alumina into sulphide. 

W. Stein used a similar process, but H. N. Warren failed to obtain sulphide either 
at a red or at a white heat. L. 1\ B. E. Cumenge made the carbon disulphide at 
one end of the same retort as the aluminium sulphide was made. I). G. Reillon, 
S. 0. Montague, and 0. L. B. L Bourgerel passed carbon disulphide into a red-hot 
mixture of alumina and carbon : 2A1 2 () 3 4-3G -J-3GS 2 -~2A1 2 S 3 -| 6(’0. D. A. Peniakoff 
prepared aluminium sulphide by heating aluminium sulphate, phosphate, manganate, 
or chromate with carbon disulphide, or carbonyl sulphide: Al 2 (S0 4 ) 3 ~j-6CS 2 
' A1 2 S 3 f f)C0 2 | 1 2S ; and 2A1P0 4 -| 4GS 2 — Al^-f P 2 S 5 -{- 4C0 2 . 6. Schumann 
did not succeed in reducing aluminium sulphate to the sulphide by heating it in a 
current of hydrogen, but A. Violi reduced the sulphate by heating it with sulphur. 
1). A. Peniakoff said that when the aluminium halides, or alkali aluminium halides, 
are fused with sodium sulphide, aluminium sulphide is obtained in a form suitable 
for reduction to aluminium: 2AlF 8 4-3Na 2 S— Al^-f 6NaF ; 2Na 3 AlF 6 -f-3Na 2 S 
1 Aljj&pj 12NaF. According to F. Lauterborn, aluminium sulphide is formed 
by heating a mixture of alumina and calcium sulphide. H. 8. Blackmorc heated 
a soln. of alumina in molten alkali fluoride, chloride, or aluminate in a stream of 
carbon disulphide. T. R. Haglund heated alumina, coal and carbides, and a 
sulphur compound. 

F. Wohler's sulphide prepared in 1829 was a black, vitreous mass ; E. Fremy ’s, , 
prepared 24 years later, was also a vitreous mass ; A. Mourlot’s was a crystalline 
mass. W. Biltz and F. Gaspari’s product, purified by sublimation, forms long, 
white, hexagonal, needle-like crystals with a sp. gr. 2‘02 at 13°/13° — A. Mourlot 
gave 237. W. Biltz and F. Gaspari found the m.p. to be 1100° ± 10° ; and mixtures 
with alumina melted at a lower temp, and formed solid soln. A mixture of the 
sulphide with 27 per cent, of oxide melted at 997°. P. Sabatier gave for the heat of 
formation (2A1, 3S) -124 4 Cals., and for the heat of decomposition with water at 
12°, Al 2 Ss-f Aq., 74 Cals. 

F. Wohler noted that when aluminium sulphide is exposed to air, it gradually 
swells up emitting hydrogen sulphide, and finally crumbling to a greyish-white 
powder. In accord with the fact that aluminium sulphide is a salt of a very weak 
acid, anil of a very weak, practically iusoluble base, water hydrolyzes the sulphide into 
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aluminium hydroxide and hydrosulphuric acid : 6H 2 0=3H 2 S-f ‘2A1(0H) 8> 

probably, added W. Biltz and F. Caspari, with the formation of intermediate 
compounds, since the prolonged action of moist hydrogen sulphide gives the oxysul- 
phide AJ2O3.AI2S3.H2O. The action of water on aluminium sulphide has been 
proposed as a very convenient means of generating hydrogen sulphide. The 
hydrolysis by warm water is turbulent, A. Mourlot said the crystalline sulphide 
is not attacked by water so rapidly as the amorphous sulphide. According to 
E. Fr^my, aluminium sulphide at a red heat is decomposed by steam ; and crystals 
of corundum are formed. P. Curie said that hydrochloric acid furnishes the chloride 
and hydrogen sulphide. M. Houdard said that when heated in the electric furnace, 
aluminium sulphide, mixed with carbon, is not volatilized or transformed into 
carbide nor does it dissolve any carbon. H. C. Geelmuyden said that aluminium 
sulphide is not reduced by calcium carbide. F. G. Reichel said that iron and copper 
decompose aluminium sulphide at a red heat ; and T. Petitjean said that iron and 
hydrocarbons reduce it to aluminium. The reduction of aluminium sulphide has 
been suggested as a convenient, means of preparing the metal (7.1*.). M. Houdard 
noted that alumina is soluble in fused aluminium sulphide, and crystallizes as 
corundum on cooling. 

F. F. Regelsbergcr melted alumina with sulphur in an electric furnace, and 
obtained a product with about 90 per cent, of what he regarded as aluminium 
subsulphide, A1S. which loses hydrogen sulphide when exposed to atm. air, and is 
decomposed by water, acids, or alkalies with the evolution of hydrogen and hydrogen 
sulphide: IV IS ) 6HCI ^2Al('l 3 1 2ILS 1-II 2 . W. Biltz ami F. Gaspari obtained 
the sub-sulphide by heating the ordinary sulphide to 2100° in an atm. of an inert 
gas. 

1). A. Peniakoff obtained complex sulphides by heating aluminium sulphate or 
phosphate with a sulphide of the alkalies, alkaline earths, zinc, or manganese in a 
stream of carbon disulphide, 2Al 2 0 3 -f 4R' 3 P04-f 11CS 2 ==2(A1 2 S 3 .3R' 2 S)-|-2P2S5 
+ 1K'0 2 ; and with the sulphate, Al 2 (S()4) 3 -f 3R"S -f-6S- AloS3.3R"8-K>80 2 . 
M. M. Jannigen prepared sodium sulphoaluminate, Na 6 Al 2 S 0 , or Al 2 S 3 .3Na 2 S, by 
heating aluminium oxide with sodium carbonate in an atm. of carbon disulphide ; 
and he made potassium sulphoaluminate, K 6 A1 2 S 0 , or Al 2 S 3 .3K 2 S, in a similar 
manner. H. St. G. Deville described a complex sulphide of aluminium and 
potassium obtained by passing sulphur vapour over a strongly ignited mixture of 
carbon with potash-alum. The product was said to 
decompose water with violence. I). Gratama repeated 
the work and obtained a product which was spon- 
taneously inflammable ; yielding no gas with water, 
and only a slight evolution of hydrogen sulphide when 
treated with hydrochloric acid. The filtered soln. 
contained no aluminium. No double sulphide was 
formed. 

H. Ditz thought it possible that copper aulphofdumin- 
ate is formed by the action of aluminium on cupric sul- 
phide. L. Gambi investigated the system Ag 2 S— ALS-j 
by thermal analysis. His results are summarized iu 
Fig. 62 so far as mixtures containing 40 molar per 
cent, of aluminium sulphide are concerned. There is 
evidence of the formation of silver enneadecasulpho- 
decaluminate, 4Ag 2 S.5Al 2 S3, or Ag 8 Al 10 S 19 , which melts 
unchanged at 1038°, and forms homogeneous, flesh- 
coloured, birefringent crystals. There is also evidence of the formation of a 
second compound, decomposing at 825°, very near the eutectic, and containing 
60 to 70 molar per cent, of silver sulphide. M. M. Jannigen reported the formation 
of calcium, strontium, and barium solphoaluminates by the process he used for 
the sodium salt. D. A. Peniakoff made these salts by the prpeess indicate*d above. 



Fig. 62. — Freezing- point 

Curves of Silver and 
Aluminium Sulphides. 
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M. Houdard heated a mixture of one gram-atom of magnesium and two gram-atoms 
of aluminium in a stream of carbon disulphide, and obtained a crystalline mass 
of magnesium sulphoaluminate, MgS.Al 2 S 3 , analogous in crystalline form to spinel. 
The compound is decomposed by oxygen-free water, by 90 per cent, alcohol, and 
by acetic acid diluted with alcohol. D. A. Peniakoff made zinc sulphoaluminate 
as indicated above. 
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§ 19. Aluminium Sulphates 

Technical processes for preparing aluminium sulphate from clay, bauxite, etc. 
have been previously described, 1 or are indicated in connection with alum. This 
salt is obtained in soln. by dissolving aluminium hydroxide in sulphuric acid. 
II. V. Gollet-Doscotils boiled ammonia alum with aqua regia until all the ammonia 
was destroyed. The soln. does not crystallize readily. J. Bock recommended 
concentrating the soln. in vacuo until crystals are formed, and more soln. added 
from time to time, which results in the production of very large crystals. The 
Norske Aktieselskab for Elektrokeni. Ind. electrolyzed a soln. of aluminium 
sulphate containing a little sodium sulphate in a diaphragm cell at 60° 80° ; the 
free acid developed in the anode compartment dissolved the raw material labradorite 
in the anode compartment, and thus aluminium sulphate is extracted from that 
felspar. Basic aluminium sulphate deposits on the anode. J. Morel made alu- 
minium sulphate by heating bauxite with a mixture of air, steam, and sulphur 
dioxide at a temp, not exceeding 8(K)°. W. Fulda heated aluminium hydroxide 
with ammonium sulphate, and reconverted the ammonia to sulphate by the 
gypsum process ; and he later recommended ammonia-alum in place of ammonium 
sulphate. 

H. von Keler and G. Lunge found in commercial aluminium sulphate O’OOObO 
to 0 0054 per cent, of iron presumably present as ferric sulphate ; 0’53 to I '05 per 
cent, of free sulphuric acid ; and in one sample they found 0’00156 per cent, of zinc. 
F. Wirth and B. Bakke 2 were unable to separate ferric sulphate from aluminium 
sulphate by crystallization, but it is possible to do so if the ferric salt be reduced to 
ferrous sulphate by hydrogen sulphide, sulphur dioxide, etc. Arsenic, and alkali 
sulphates are often present. 0. F. Mohr found that the commercial salt is usually 
contaminated with a little alum. M. Muller described the manufacture of an 
impure aluminium sulphate suitable as a precipitating agent in sizing paper. 

There are some different statements as to the water of crystallization. 
P. M. Delacharlonny holds that the crystals are normally the hejutfecfthydrated 
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aluminium sulphate, A1 2 (S0 4 ) 3 .16H 2 0, and the assumption that the salt is octo- 
decahydrated is based on analyses of samples containing ferric sulphate ; he 
also savs that samples of native sulphate from Rio Saldana and Bolivia have the 
composition A1 2 (S0 4 ) 3 .16H 2 0. On the other hand, analyses of J, B. J. 1). Bous- 
singault, F. Varrentrapp, E. Lenssen, 0. F. Kammelsberg, T. J. Herapath. (\ Hart- 
wall, H. Rose, F. Field, J. Jurasky, P. Zellner, L. Barth, etc., show that the salt is 
octodecahydrated aluminium sulphate, A1 2 (S0 4 ) 3 .18H 2 0. K. J. Kane said that 
the octodecahydrate crystallizes from its soln. in hydrochloric acid in beautiful 
tabular crystals. The mineral alunogen is also an octodecahydrate of the normal 
sulphate. The hybrid term alunogene was first applied by F. S. Beudant ; N. Mill 
used davite ; E. F. Glocker, keramohalife and styptnitr ; J. J. N. Huot, saldamte ; 
C. U. Shepard, solfatarite ; and J. F. Hausmann, halotrichite. The native sulphate is 
found as a product of volcanic action and as a product of the decomposition of pyrites 
and alum shales. B. Boutzoureano reported the formation of trihydrated aluminium 
Sulphate, A1 2 (S0 4 ) 3 .3H 2 0, in regular tetrahedral crystals. 0. Schmatolla said that 
hexahydrated aluminium sulphate, A1 2 (S0 4 ) 3 .6H 2 0, is formed as a white powder 
when aluminium sulphate is heated for a long time with cone, sulphuric acid, washed 
with ice-cold water, and dried at 100°. (’.von Hauer precipitated what he regarded as 
decahydrated aluminium sulphate, Al>(S0 4 ) 3 .K)H 2 0, in tabular crystals, by adding 
alcohol to a dil. aq. soln. of the sulphate. Both these hydrates are said to form the 
octodecahydrate on exposure to a moist atm. A. Gawalowsky said thntheptadeca- 
hydrated aluminium sulphate, A1 2 (S0 4 ) 3 .17H 2 0, is obtained from the soln. produced 
by incompletely saturating sulphuric acid with gelatinous aluminium hydroxide. 
E. Metzger said that heptacosihydrated aluminium sulphate, A1 2 (S0 4 ) 3 .27JU), is 
formed when a sat, aq. soln. of aluminium sulphate is exposed to a winter’s cold ; 
or if the ordinary hydrate is made into a mush with water and cooled below 9 5 6 . 

A. B. Poggiale measured the solubility of aluminium sulphate in water between 
0° and 1(XV\ Expressing the results in grams A1 2 (S0 4 ) ; , per 100 grms. of sat. soln. 

0° 10” •JO 1 ’ 40' > 00' SO 0 100° 

Solubility . . 238 25 1 20*7 31*4 37*2 42*2 47 1 

The solid phase over the whole range is A1 2 (»S() 4 )3.18H 2 0. R. Kremann and 
K. Huttinger explored the system at still lower temp, with the idea of finding what 
hydrates exist at these temp. The octodecahydrate is the solid phase down to the 
eutectic at —4°. Expressing the results as before : 


Solubility 
Soll<l phone 


— 102’ — 1 4;r -2*04 c> -20.V -2*S. r »" -4' 7 73° 

8-0» 10*7 It 3 17*5 10*2 23 1 24*8 

. . I(t ', IS-hydrutf 


These results are plotted in Fig. 63. R. Kremann and K. Huttinger also measured 
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the vapour pr ess ure while the water is being gradually withdrawn, and they found 
breaks in the curve, Fig. 64, corresponding with A, the passage from the octodeca- 
tothchexadecahydrate; the passage from the hexadccahydrate to dod®Q»hjrdrated 
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aluminium sulphate, A1 2 (S0 4 )3.12H 2 0 ; C, the passage from the dodecahydrate to 
dihydrated al umini um sulphate, A1 2 (S0 4 )3.2H 2 0 ; and Z), the passage from the 
dihydratc to the anhydrous salt. This, of course, assumes that basic sulphates are 
not formed during the dehydration of the octodecahydrate. 

According to J. B. Karsten, when hydrated aluminium sulphate is heated, it 
first melts in its water of crystallization, intumesces, and finally leaves a white 
porous mass of the anhydrous sulphate, A1 2 (S0 4 ) 3 ; and, as F. Stromeyer also showed, 
if heated still further, it loses the whole of its contained sulphur trioxide, without 
melting. K. Friedrich said that decomposition begins at 770°. L. Wohler and co- 
workers found the partial press, of the S0 3 with decomposing aluminium sulphate is : 



680° 

620° 

060° 

680® 

700° 

720° 

740® 

Press. S0 3 

. 20*4 

30*2 

47*0 

54*0 

72*2 

95*5 

154*5 mm* 


572 s 

021° 

081® 

702° 

720® 

742® 

748® 

Total press. 

. 28 

51 

120 

180 

261 

480 

692 mm. 


C. R. Fresenius found that 5- 10 mins.’ heating over a blast-flame suffices to expel the 
sulphur trioxide ; but, as F. Varrentrapp showed, a lower temp, is not sufficient to 
do this ; and F. Sfcolba found that over the bunsen flame, the residue is eq. to 
2AI 2 0 3 .80 j after 4 hrs.’ heating. 

The octodecahydrated salt furnishes acicular or lamellar crystals ; the mineral 
occurs in delicate fibrous masses or crusts, and also massive. J. Jurasky said the 
crystals arc monoclinic. A. Gawalowsky obtained smooth tetrahedral crystals 
with truncated edges. 0. F. Rammelsberg said that the heptacosihydrate forms 
trigonal crystals with axial ratio and angle a:c-~ 1 : 1*5408, and a=83° O'. The 
Specific gravity of the anhydrous sulphate was found by C. J. B. Karsten to be 
2*74 ; L. Playfair and J. P. Joule gave 2*171 ; P. A. Favre and C. A. Yalson, 2*672 
at 22*5° ; and 0. Pettersson, 2*713 at 17°. For the octodecahydrate, L. Playfair 
and J. P. Joule gave 1*671 ; E. Filhol, 1*569 ; P. A. Favre andC. A. Valson, 1*767 at 
22*1° ; and J. Dewar, 1*6913 at 17°, and 1*7184 at —188°. According to C. Reuss, 
the sp. gr. of aq. soln. of purified aluminium sulphate (40 per cent, water), referred 
to water at 4° unity, are as follow : 

Per cent. Al a (S0 4 ) 3 1 5 10 15 20 25 

(15° . . 1 0170 1*0569 1*1071 M574 1*2074 1*2572 

Sn irr 25° . 1*0503 1*1022 1*1522 1*2002 1*2483 

F ’ b * 135° . - 1*0450 1*0960 M460 1*1920 1*2407 

145° . . — 1*0356 1*0850 1*1346 1*1801 1*2295 

and with commercial aluminium sulphate containing A1 2 0 3 , 13*52; S0 3 , 31*58; 
Fe, 0*33 ; K 2 0, 0*93 ; and H 2 0, 52*27 per cent. : 

Per rent, Al.(80 4 ) s 1 5 10 15 20 25 

Sp. gr. nt 15° . 1 0060 1*0377 1*0730 1*1097 1*1440 1*1798 

Measurements were also made by F. Fouquti, H. C. Jones, P. A. Favre 
and 0. A. Valson, W. L. Badger and J. S. France, J. Wagner, H. Sentis, 
C. Obeneveau, etc. The vap. press, of the sulphur trioxide in the thermal decomposi- 
tion of anhydrous aluminium sulphate was studied by L. and P. Wdhler and 
W. Pltlddemann. For soln. at 12*5° with w per cent, of anhydrous salt, J. G. Mac- 
Gregor found the sp. gr. 8— £ 0 -f 0*0092083w, where S 0 represents the sp. gr. of water 
at 12*5°, and for w up to 2*5 per cent. J. Wagner found the viscosity of N - , \N- t 
and JY-soln. of aluminium sulphate at 25°, to be respectively 1*4064, 1*1782, 
1*0825, and 1*0381. P. H. Prausnitz measured the osmosis of soln. of aluminium sul- 
phate through membranes with pores of various size. W. L. Badger and J. S. France 
measured the f.p. and b.p. of soln. of aluminium sulphate of different cone. The 
f.p. rises from about 30° at a sp. gr. 1*30 to a maximum of 85° at sp. gr. 1*60, and 
then falls to about 70° at a sp. gr. of 1*80 ; the b.p. increases from 101° at a sp. gr. 
[>f 1*30 to 118° at a sp. gr. 1*76. G. Tamraann measured the lowering of the vapour 
pressure qf water at 100° by aluminium sulphate and found that with 9*92, 23*80, 
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and 40*25 grms. of A1 2 (S0 4 ) 8 per 100 grms. of water 6he vap. press, was lowered 
respectively 7*2 mm., 20*0 mm., and 515 mm. L. F. Nilson and 0. Pettorsson gave 
0*1855 for the specific heat of the anhydrous salt between 0° and 100°. J. C. G. do 
Mariguac gave for the sp. ht. of soln. with two-thirds of a mol A1 2 (S0 4 ) 3 , in 50, 100, 
and 200 mols of water 0 9041, 0 9465, and 0*9722 respectively, between 21° 53°. 
According to J. Thomsen, the heat of formation, (2A1, 30, 3S0 3 . aq.) 451*77 Cals. ; 
M. Berthelot gave (2A1, 3S, 120, aq.)=-879*7 Cals., and for the heat of neutralization, 
2Al(0H) 3 -b3H 2 S0 4 -fAq -Al 2 (S0 4 ) 3 -f Aq.-f 21 (’als.; (A1(0H) 3 , 3HC1, aq,)-27*4 
Cals. ; and S. U. Pickering gave (A1(0H) 3 , 3IIF, aq.)~34*l Cals. L. Wohler and 
co-workers gave 17 Cals, for the heat involved in the loss of a mol of S0 3 from a mol 
of aluminium sulphate. P. A. Favre and C. A. Valson gave 56*0 Cals, for the heat 
Of solution of A1 2 (S0 4 ) 3 .6H 2 0 ; and 8 2 Cals, for the octodecahydrate. L. and 
P. Wohler and W. Pliiddemann found 17 cals, for the heat of dissociat ion of anhydrous 
aluminium sulphate. 

The electrical conductivity of aq. soln. of aluminium .sulphate was measured 
by F. Kohlrauseh, 3 F. S. Svenson, 1\ Walden, and H. Jones and co-workers. 
The last-named found for the molecular conductivity, fi, with soln. containing a 
mol of the salt, in t> litres of water : 



4 

8 

92 

128 

512 

2048 

4090 

(0° . 

51!) 

05-21 

89-50 

121S7 

104 08 

222 3 1 

202-35 

J2r,‘ . 

92*40 

114*44 

158-01 

21904 

301 01 

425-03 

514-00 

(65° 

152*8 

185-7 

200-2 

395 1 

594-0 

9130 

1221-2 

The percentage degree of ionization, a, c 

aleulated from these data : 
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This is on the assumption that the salt is not hydrolyzed in soln. II. Ley found 
that the hydrolysis is smaller than with soln. of the chloride —vide infra. H. C. JoneB 
also calculated the temp, coeff. of the conductivity of these soln. J. F. Daniell and 
W. A. Miller made some observations on the transport numbers. 

According to J. J. Berzelius, hydrated aluminium sulphate is permanent in air ; 
actually, the crystals showamarked tendency to effloresce; but if a little ferric sulphate 
be present, the salt may appear to be hygroscopic. The salt has a highly acid taste. 
According to F. Wohler, when aluminium sulphate is heated in a stream of hydrogen, 
it furnishes alumina, which, according to 0. Schumann, is almost free from sulphate. 
For the action of water, vide infra, basic salts. R. Willstatter prepared an aluminium 
sulphate with hydrogen peroxide of crystallization. H. Rose found that when 
repeatedly calcined with ammonium chloride, the aluminium is almost wholly 
volatilized presumably by being first converted into chloride ; and A. B. Prescott 
found that when evaporated with an excess of hydrochloric acid, about 10 per cent, 
passes into aluminium chloride. A. Recoura boiled aluminium sulphate with 
hydrochloric acid, and on cooling the soln. obtained a crystalline deposit which he 
regarded as aluminium chlorosulphate, A1(S0 4 )01. According to C. J. B. Karsten, 
and F, J. Knapp, a cone. soln. of aluminium sulphate can be mixed with so&um 
chloride without any separation, and on evaporation some sodium sulphate and 
aluminium chloride are formed ; and, according to O. Friedel, with calcium chloride, 
some calcium sulphate is produced. A. Cossa found that when aluminium sulphate 
is heated with mft gneflinm fluoride, some magnesium sulphate is formed. According 
to S. E. Moody, a mixture of potassium iodide and iodate reacts with a soln. of 
aluminium sulphate, forming a basic salt which when boiled is completely hydrolyzed 
Al 2 (S0 4 )3-f5KI-fKI0 3 -|-3H 2 0-2Al(0H) 3 -f3K 2 80 4 -f3I 2 ; F. A. Gooch and 
R. W. Osborne found that the reaction is about five-sixths completed with a mixture, 
of potassium bromide and bromate ; and very much less with a mixture of 
potassium chloride and chlorate. A. Violi found that aluminium sulphide is 
formed by fusing the sulphate with sulphur. According to A. Seycwet^ and 
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G Chicandard, sodium thiosulphate reacts with aluminium sulphate, AI 2 (S0 4 ) 3 
+3Na 2 8 2 0 3 -A! 2 0 3 +3Na 2 S0 4 f3S0 2 +3S, in boiling soln., and in the cold, 
AI 2 (S0 4 ) 3 +3Na 2 S 2 0 3 -3Na 2 80 4 +AI 2 (S 2 0 3 ) 3 , and the latter then decomposes 

Al 2 (S 2 0 3 ) 3 +3H 2 0-3H 2 S-f A1 2 (S0 4 ) 3 . According to A. d’Hcureuse, iron, or Zinc 
has only a slight action when calcined with aluminium sulphate. F. Kunheim 
studied the action of carbon on aluminium sulphate in the electric arc furnace, 
j j, Berzelius reported that hydrated aluminium sulphate is scarcely soluble in 
aicohol ; and W. F. 0. de Coninck found that 100 grms. of glycol dissolve 16*82 
grms. of aluminium sulphate. 

Aqid aluminium sulphates. -The solubility of aluminium sulphate in sulphuric 
acid has been measured by F. Wirth who found that at 25°, the solid phase was the 
octodecahydrate, and expressing the results in grams per 100 grms. of sat. soln., 

H so, 0 5 10 20 30 40 50 60 70 . 75 

Al*(80|)a • 27-8 20-2 20*2 (9-6 1HI 4-8 1-5 1-0 2-3 4-0 

The presence of sulphuric acid at first raises the solubility of aluminium sulphate in 
water, but a further increase in the amount of the acid depresses the solubility very 
considerably ; from 20iV-aoid onwards there is a slight increase in solubility without 
any change in the solid phase. 

Three acid aluminium sulphates have been reported : 

(HN0 4 ) 2 -AI 2 (N(> 4 ) 2 (HS0 4 ) 4 Al a -S0 4 (HiSG 4 K Al 2 -(HSO,,) 2 

These salts can also be regarded as hydrosulphalo-alnminic acids; the salts 
of the first member forming the class of salts called alums. E. Baud 
found that when aluminium hydroxide or bauxite is boiled with dil. sulphuric 
acid (1:1), trihydrated aluminium dihydrosulphate, Al 2 (S0 4 )g.H 2 S0 4 .3H 2 0, or 
A1 2 (S0 4 ) 2 (HS0 4 ) 2 .3H 2 0, is formed, and it crystallizes in colourless needles which, 
after washing with acetone, can be dried on a porous tile. The salt is also formed 
when aluminium sulphate is dissolved in sulphuric acid at 110°- 1 12° ; and, according 
to F. Wirth, a mixture of cone, sulphuric acid and aluminium sulphate solidifies in 
a few hours, forming this same salt. The crystals dissolve slowly in cold but 
rapidly in warm water. H. St. C. Deville made some observations on this subject. 
F. Jeremin noted that when cone, sulphuric acid is gradually added to a cone. aq. 
soln. of aluminium sulphate, there is a precipitation of hydrated aluminium sulphate, 
and with 5 c.c. of soln. to 0’3 c.c. of acid, the precipitate has the composition 
Al 2 (S0 4 )g.22H 2 0 ; but with equal volumes of acid and soln., the precipitate 
is “decahydrated aluminium tetrahydrosulphate, A1 2 (S0 4 )3.2H 2 S0 4 .10H 2 0, or 
A1 2 (S0 4 )(HS0 4 ) 4 .10H 2 0, and with 20 c.c. of acid to 5 c.c. of soln., there is scarcely 
any turbidity produced. The maximum precipitation occurs with 5 c.c. of soln. and 
1*5 c.c. of acid. J. Kendall and A, W. Davidson found the molar solubility of 
anhydrous aluminium sulphate in anhydrous sulphuric acid at 25° to be below 0 01 . 
According to R. Silberberger, heptahydrated aluminium hexahydrosulphate, 
Al 2 (S0 4 )g.3H 2 S0 4 .7H 2 0, sulphatoalnmimc acid , A1 2 (HS0 4 ) 6 .7H 2 0, or, as he calls it, 
aluminosulphuric acid, is prepared by adding aluminium sulphate to cold cone, 
sulphuric acid and warming, when a voluminous white precipitate separates. On 
diluting with ether, filtering, and washing with ether, the acid is obtained as a white 
powder, decomposing in moist air and dissolving in water, the soln. soon decomposing 
into aluminium sulphate and sulphuric acid. The addition of barium chloride to 
cone, sulphuric acid soln. of aluminium sulphate furnishes a complex barium 
snlphatmlumimte which immediately decomposes. 

Basic aluminium sulphates.— The alleged formation of basic aluminium 
sulphates by the hydrolysis of aq. soln. of aluminium sulphate has been previously 
described. L. Lieehti and W. Suida 5 observed no visible hydrolysis on heating or 
diluting a soln. of 200 grms. A1 2 (S0 4 ) 3 .18H 2 0 in a litre of water ; with a soln. of 
200 grms. A1 2 (S04)3.18H 2 0 and 31 ‘82 grms. of sodium carbonate per litre, there was 
no visible change on heating, but a precipitate formed when the sob. was diluted 
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four-fold ; with a soln. three-fourths as cone, there was no visible change on heating, 
but dissociation occurred on diluting ten-fold. With a soln. made from 200 grins, 
of Alj5(S0 4 ) 3 .l8H 2 0 and 45 7 grins, of sodium hydrocarbonato per litre, a jelly was 
formed on heating, and a precipitate remained on cooling ; while diluting the soln. 
one-half caused a precipitate to appear in the cold. A soln. of 300 grms. 
of Al 2 (S0 4 ) 3 .18H 2 0 and 1513 grms. of sodium hydrocarbonate per litre, became 
turbid in a very short time. Hence, hydrolysis occurs more readily (i) the moro 
basic the soln., (ii) the more dilute the soln., and (iii) the higher the temp. L. Liechti 
and W. Suida added that sodium sulphate accelerated the hydrolysis, but L. Liechti 
and H. Sehwitzer said it retarded the decomposition. The latter statement accords 
with 11. Schmid's observation that sodium sulphate retards the precipitation of 
alumina by sodium carbonate. 

According to H. 0. Denham, the percentage hydrolysis, 1(H)/, of aq. soln. of 
aluminium sulphate, calculated on the assumption that the reaction is represented 
by Al 2 (S0 4 ) 3 -f 2H.,0^2A1(S0 4 )H0 f H 2 S0 4 , for soln. with a mol of the salt in v 
litres of water at 25°, is : 

t> 4 8 in 32 til 2f)C> 

100.C . . 0-522 0-748 1-100 2 010 3-402 0-000 


Values have also been obtained by 11. Ley, L. lvahlenhorg and eo-workers, L Bruner, 
ami 0. Carrara and (1. B. Vespignani. According to .1. L. (Jay Lussac, aluminium 
hydroxide dissolves in aq. soln. of aluminium sulphate. The freshly prepared 
hydroxide dissolves fastest, and attains equilibrium more quickly than the aged 
hydroxide. R. Kremann and K. Hiittinger measured the solubility of aluminium 
hydroxide in soln. of aluminium sulphate of different cone, at 20', 40 u , and 60°. 
Expressing cone, in grams of sulphate and hydroxide per 100 grms. of water, and 
molar proportions A1 2 0 3 : S() 3 : Hot) as a ratio, the results at 20° are : 

Al,(SO,) . 2-37 5 0 0 1 15 0 20 0 3 Hi 33 0 34 73 

Al(OH) j . . 0 15 0-30 1-30 1 -04 1-40 4-20 2 75 0 02 

Soh'l i>haat* I : I . '» 1:2 12 * I . •«' l<i 


The results for two temp, are indicated in Fig. 05, where the solid phase is 
AI0O3.8O3.OH2O along ab and ah ' ; A1 2 0 3 .2S0 3 .12H 2 () along be and 6V ; and 
AI 2 (80 4 )3.1<iH2<), along cd and ed! . They represent the constitution of these 
two hydrated basic salts as derivatives of Al 2 0(011) 4 , thus : 


0 < 


Al— (OH) 
Al--(OH) 


A]<c 0H 

0 <^< 8° 4 

ak oh 




Numerous other basic hydrates have been reported, 
mediate stages iu the hydrolysis of the 
normal sulphate, and available evidence 
is not sufficient to establish their 
chemical individuality. 8. U. Pickering 
regarded them as mixtures whose com- 
position depends on the conditions 
under which they were prepared. Thus, 

0. Schmatolla, under various condi- 
tions of precipitation, obtained hy- 
drated basic products with A1 2 0 3 : S0 3 
as 6:1, 12:1, 24:1, and 48:1. 

L. B. Miller, F. S. Williamson, and 
E. J. Thericault and W. M. Clark 
studied the products of the partial alkalization of soln. of alum. 


Many are no doubt inter- 



Fio. 05. - Solubility of Aluminium Hydroxide 
in Solutions of Aluminium Sulphate at 25°. 


E. Sehlumberger reported that tho precipitate formed when aluminium sulphate 
is exactly neutralized with alkali-lye consists of dihydrated tetraluminlum decafeydroxy- 
idlphate having the composition 2A1 2 0,, SO a , 7H 4 0. He called it hydrait tulfodialuminique. 
VOL. V. * • 
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The war sulphate is instated when sodium alumina* h neutralized with alum, or 
a Zin. oi alum, lo M, alkali has been added until a slight permanent precipi,„ te % 
formed, in boiled, or « hen a soln. of aluminium acetate 18 boiled with alkali sulphates. It j, 
stable only in the presence of alkali sulphates, and is partially dissolved by water The dry 
substance loses SH.0 at 130°, and forms the pen tally drate but is otherwise stable. It £ 
soluble in cold acetic mid, but is reprecipitated on boiling, and redmsolvcs on cooling, 
in thin resembling the ordinary aluminium mordanting soln., the essential constituent of 
which ufipeatH to be an acetate and sulphate. He considers the hydrate to be constituted 
Al ll (0H) 6 l a H0 4 . According to F. S. Williamson, E. Schlumberger’s product is a mixture. 
Vhen 2 to 4 mol a of sodium hydroxide arc added to a soln. of one mol of aluminium sulphate, 
the precipitate has the composition A1 2 (S0 4 ) 3 .(A1 j0 3 ) 4 .15H 2 0, i.e. deca-alum/nlum 
hydroxytrlsulphate, AI 2 (SO 4 ) 3 .HAl(OH) 3 .3II 2 0. The substance loses less than one-tenth of 
its water over cone, sulphuric acid at ordinary temp., and all is lost at 150°. Loss 
than one-third is taken up again at lower temp, so that the reaction is not reversible. 

I). KdchJin-Schouch, and W. Crum made the decahydrate, 2A1 2 0 3 .S0 3 .10H 2 0, by boiling 
aluminium acetate with a soln. of potassium sulphate ; L. F. Bley made the dodecahydrate 
by adding an excess of alkali carbonate to a soln. of alum. The decahydrate is represented 
in nature hy the rhombic mineral fehobanyite which, according to W. Haidinger has the 
sp. gr. 2 33, and hardness 15. It was found in snow-white or yellowish masses at Kapnik 
(Hungary). The pontadecahydrate, 2A1 2 0 3 .S0 V 15H s O, is represented by the mineral 
paraluminak, closely related to aluminate, which occurs near Halle, Huelgoet (Brittany), etc. 
Analyses wore made by 1\ Berthier, C. Steinberg, H. Backs, E. Wo I IT, R. Dieck, L. J. Las- 
saigne, and R. Goist. The related pissophane —from irltnra, pitch ; <pav6s, appoarance — of 
A. Breithaupt, analyzed by 0. L. Erdmann, contains much ferric oxide. 

H. Dobray reported 5Al 2 ().,.3S() 3 .20H 2 O to be formed by boiling an excoss of an aq. soln. 
of aluminium sulphate with zinc ; L, F. Bley, 3Al,0 3 .2S0 3 .2H 2 0, by the incomplete 
precipitation of a soln. of aluminium sulphate with aq. ammonia ; C. J. Bayer, 
3Al 4 0 a .2S0 3 .9H 2 0, by boiling a soln. of aluminium sulphate with an excess of aluminium 
hydroxide ; A. Lowe, and H. Debray, 4Al 2 0 < j.3S0 2 .3(iH 2 0, and 8A1 2 0 3 .5S0 3 .25H 2 0, by 
the action of zinc, on a cold soln. of uluminium sulphate in excess ; N. Athanasesco, 
3Al 2 0 3 .4S().,.t)H 2 0, in colourless rhombohedra, by boating u 3 per cent. soln. of normal 
aluminium sulphate to 250° in a sealed tube ; and (J. F. Uammolsberg, 3Al 2 O a .4SO 3 .30H 2 O, 
as a crust on the sides of a glass bottle in which dil. sulphuric acid sat. with aluminium 
hydroxide, was kept many years. R. Phillips found a moderately dil. sulphuric acid soln. 
of aluminium hydroxide, on being mixed with water, deposits for many months a basic 
salt of composition similar to C. F. Ramniclsborg's salt ; and .1. L. Day Lussac added 
that the filtrate has a similar composition, and becomes turbid as often as it is warmed. 

►S. U. Pickering found that the addition of sodium hydroxide to u soln. of aluminium sulphate 
completes the precipitation when the quantity addl'd reaches 1833 eq. implying the possible 
formation of r)Al 2 0 3 .t)S0 3 ./iH 2 0. J. Gadamer reported AI 2 (S0 4 ) 3 .AI 2 (0H) # .9H 2 0, or 
2A1 2 () 3 .3S0 3 . 1 2H 4 0, to be formed by slowly evaporating a mixed soln. of potassium chromate 
and aluminium sulphate— the first crop of crystals is potash-alum, then potassium dichro- 
mate, and then the 2:3: 12 salt, while chromic acid remains in soln. F. Gobel, and 
N. Mill also reported 2Al 2 0 a ,3S0 3 .nH 2 (.). 


0 . Schmatolla obtained a basic sulphate Al 2 O 3 .SO 3 .wH 2 O by the action of calcium 
carbonate on a cold soln. of aluminium sulphate. According to J. J. Berzelius, 
heptahydrated aluminium tetrahydroxysulphate, A 1 2 (S 0 4 )( 0 H) 4 . 7 H 20 , or 
Al 20 o(S 0 4 ). 9 H 2 0 , is produced by washing the precipitate obtained by adding aq. 
ammonia to a soln. of aluminium sulphate. L F. Bley — vide supra — said that the 
product is more basic than J. J. Berzelius supposed. C. Bcittinger found that the 
tetrahydrate, Al 2 ( 0 H) 4 S 0 4 . 4 H 20 , or Al 2 O 3 .SO 3 .BH 2 O, is deposited when an aq. soln. 
with 5 grms. of aluminium sulphate and 15 grins, of sodium ehloride is heated in 
a sealed tube at 140°. The heptahydrate is represented by the earthy mineral 
aluminite of D. L. G. Karsten, the hallile of ,1. 0 . Delametherie, the reine Tonerde of 
A. G. Werner, the native aryill of R. Kirwan, the websterite of J. Brooke, and 
F. S. Beudant. It was aualyzed by F. Stromeyer, A. Dufr^noy, C. Steinberg, etc. 
Its sp. gr. is 1‘705 and hardness between 1 and 2. 

According to P. Marguerite, when ammonia alum is decomposed by heat, 
anhydrous aluminium sulphate is first obtained, but pushing the decomposition 
somewhat further, sulphuric acid is volatilized ; so that by carefully regulating the 
heat, a residue can be finally obtained almost entirely soluble in water, 
and consisting mainly of hexahydrated aluminium dihydroxy disulphate, 
A1 2 0 8 .2S0 3 . 123^0, or AlafSC^^OHjo.llHaO. This salt, which has not been before 
described, is entirely different in appearance from the ordinary sulphate. It 
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Metallizes in rhombohedrons and not in nacreous scales ; its solubility in water at 
B° is about 45 per cent., but it can be separated from the ordinary sulphate by 
(pactional crystallization. A. Maus obtained this hydrosulphate bv evaporating 
to dryness a hot filtered soln. of normal or basic aluminium sulphate and hydroxide, 
the product is a sticky mass. H. Spence made it by mixing a soln. of aluminium 
Fsulphate with enough calcium hydroxide or carbonate to give the necessary basicity. 

' The filtered soln. was evaporated in vacuo. The mineral aluniian was obtained by 
A. Breithaupt from Sierra Almagrera (Spain) ; it has the same composition as 
P. Marguerite's salt. Its sp. gr. is 2*702 2*781, and its hardness 2 to 3. In the 
progressive dehydration of alumian, R. Kremann and K. Hiittinger found breaks 
in the vap. press, curve corresponding with the hydrates 1:2:12; 1:2:11; 
and 1:2:10. 

What has been regarded as a bamc suhxulplaitc was obtained by F. Fischer as a blue anode 
deposit when sulphuric acid of sp. gr. 1175 is electrolyzed with aluminium electrodes. 
Layers of a bluish-groan tint ure deposited on the anode, especially when the electrolyte 
is kept cool ; the portions of the deposit next to the electrode are, however, intensely blue. 
Microscopic examination indicated that this blue deposit is not a uniform substance. It 
is not acted on by distilled water. Dll. hydrochloric acid of such a strength as to act 
vigorously on aluminium at the ordinary temp, has scarcely any action on it. When 
wanned with hydrochloiic acid, h>drogen is evolved, traces of silicic acid remaining ; 
the filtrate gives a precipitate with haiium chloride and also contains aluminium. The 
product is free from sulphide and contains a basic aluminium sulphate, a little silicic acid, 
and traces of iron. When heated, it becomes white. 
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(I), 39. 1, 1810 ; A. Lowe, ib., (1), 79. 428, 18(H) ; J. J. Berzelius, Pot/g, Ann., 1. 43, 1824 ; 4. 130, 
1825 ; K. Sehlumborger, Bull. Soc. ('him., (3), 13. 41, 1895; II. Debrav, xb., (2), 7. 9, 1807; 
I). Koclilin Sehoucli, Bull. Soc. Mulhouse, 1. 299, 1828; Dinyhr's Journ., 27. 218, 1828; 
L. Liediti and W. Suidu, ib., 251. 177, 1883 ; L. Lieehti and JI. Seliuitzer, Mitt Ct wet be Museums 
Wien, 3. 59, 1880 ; II. Schmid, Chem. Zty„ 19. 770, 808, 1895 ; C. J. Bajer, ib., 11. 38, 53, 97, 
1887; Brit. Pal. No. 10093, 1887 ; 5290, 1892; R. Spence, French Put. No. 331830, 1903 ; 
P-S. Pat. A o. 754824, 1904 ; German Pat., D.H.P. 107419, 1903; C. Bottinger, Liebig's Ann., 
244. 224, 1888; N. Athanaseseo, Compt. Rend., 103. 271, 1880; P. Marguerite, ib., 90. 1354, 
1880 ; C. F. liaminclsborg, Pogy. Ann., 43. 583, 1838 ; A. Mans, ib., 11. 80, 1827 ; li. Phillips, 
Ann. Phil., 20. 280, 1822 ; J. Gadamer, Zat. (Jester. A path. Ver., 49. 079, 1895 ; W. Huidinger, 
Sitzber. A tad. Wvn, 12. 183, 1854; li. Geist, Zeit. Nut. Ver. Halle, 13. 208, J804; li. Dieck, 
lb., 13. 205, 1804; J. L. Lassaigne, Ann. Chim. Phys., (2), 29. 98, 1825; J. L. Gay Lussac, ib., 
(I), 74. 193, 1810 ; (2), 21. 223, 1822 ; P, Berthior, Mem. Acad., 288, 1839 ; C. Steinberg, Journ. 
prakt. Chem., (1), 32. 495, 1844 ; JL Backs, ib., (1), 34. 185, 1845 ; E. Wolff, ib., (1), 34. 193, 1845 ; 
J. J. Berzelius, Lehrbuch der Chemie , Dresden, 2. ii, 084, 1820; O. L. Erdmann, Journ. tech, 
bkon. Chon., 13. 108, 1832; Schweigyer's Journ., 62. J04, 1831; F. Gobel, ib., 60. 401, 
1830; A. Breithaupt, 1 ollstandiye Charakterislxk der Mxneralsystems, Dresden, 101, 1832; Berg. 
Matt. Zty., 17. 53, 1858; A. G. Werner, Versuch eitier Mincralogie, Leipzig, 170, 1780; 
D. L. G. Karston, Minctaloyischc Tabdlcn, Berlin, 48, 1808; J. C. Delametherie, Lemons de. 
miiUralogie, Paris, 1812; J, Brooke, Familiar Introduction to ('rystallography, London, 1823; 
F. S. Beudanl, Truitt dc mintraloyie, Paris, 149, 1824; R. Kirwan, Elements of Mineralogy, 
London, 1. 175, 1794; F. Stromejer, Unlersuchunyen iiber die Mischuny der Mineralkdrper, 
Gottingen, 99, 1821 ; A. Dufronov, Trait* dc mintraloyie , Paris, 2. 300, 1845; N. Mill, Quart 
Journ. Science, 25. 302, 1828 ; F. S. Williamson, Joutn. Phys. ('hem., 27. 284, 1923 ; L. B. Miller, 
U.8. Pub. Health Rip., 38. 1995, 1923; E. J. Theroault and W. M. Clark, ib., 38. 181, 1923. 


§ 20. The Complex Salts of Aluminium Sulphate 

Tlu* aluminium salts have a marked tendency to form complexes ; and this is 
well illustrated by the sulphate which forms a series of complex salts of the type 
R 2 'S04.Al 2 (S0 4 )3.24H 2 0, or R'A1(S0 4 ) 2 .12H 2 0, where R' represents a univalent* 



ALUMINIUM 


311 

radicle ; these salts arc grouped under the generic term alums. The univalent 
elements which take part in the formation of alums are : thallium, eavsium, rubidium, 
potassium, ami sodium and possibly lithium and silver as well as the univalent 
radicles ammonium, hydroxylamine, and alkyl-ammonium. Ten tervalent elements 
can act instead of aluminium ; thus, titanium, vanadium, chromium, manganese, 
iron, cobalt, gallium, indium, iridium, and rhodium. Excluding lithium, silver, 
hydroxylamine, and alkylammonium, this makes 66 members of the alum-family. 
In addition, a number of selenic alums have been obtained in which selenium 
replaces the sulphur ; and E. von Uerichten 1 obtained other alums in which one 
component is a selenate and the other a sulphate. This would make *26-1 alums. 
Only a fraction of these combinations has been obtained. No attempt has been 
made to prepare some of them, and with others, the attempt has failed owing to 
the instability of the complex. Allowing for the relatively low stability of the 
tervalent forms of some of the elements, as a rule, the greater the mol. wt. of the 
univalent radicle, the greater the stability of the alum, and conversely, the greater 
the mol. wt. of the tervalent metal the less the stability of the alum. Thus, 
sodium forms alums only with the lighter tervalent elements aluminium, vanadium, 
and chromium ; the only stable potash alums are. those of aluminium and chromium ; 
and with some tervalent (dements the rubidium and ciesium alums are the only 
stable forms. If an element will form an alum, J. Locke has stated that it will 
do so more readily with ciesium sulphate than with any of the other alkali sulphates. 
He said, “ If an alum cannot he formed with ciesium sulphate, it cannot be formed 
at all.” The sulphate-alums which have been reported are indicated in Table VI. 
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F. B. Venable tried to make double alkali alums by crystallization from mixed soln. 
of potash-alum and soda-alum, but he obtained only a variable mixture of crystals 
of the two salts, in which the inferior solubility of potash-alum makes this salt 
predominate in the isomorphous crystals. 11. Sehiff, and R. Krickmcyer obtained 
similar results with mixtures of potash-alum and ammonia-alum. S. Kern claimed 
to have made silver alum, or silver aluminium sulphate, AgoSO^.AySO^/ilJLO, 
by evaporating a soln. of molar proportions of the constituent salts; and 
A. H. Church and A. B. Northcote by heating silver sulphate, aluminium sulphate, 
and water contained in a sealed tube on an oil-bath. The latter say that the 
octahedral crystals are decomposed by water. 

Some of the alums occur in nature. The so-called mendozifr found at San Juan 
Mendoza, east of the Andes, was analyzed by T. Thomson, 2 but the water of crystal- 
lization is not that of the alums. J. J. N. Huot called it natroalun. C. U. Shepard 
proposed calling soda-alum solfatarile ; and he reported that the native alum on 
the island of Milo is a soda-tjum, but later he accepted C. Hartwell's analyses, 
which makes it an alunogen. According to E. Divers, the native soda-alum from 
Shimane, Idzumo, Japan, has the typical alum formula. The mineral tamaruyite 
obtained by H. Schulze from the Pampa del Tamarugal, Cerros Pintados, Chili, 
has the composition of soda-alum, but only half the water of^ crystallization of an 
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alum proper. L Domeyko’s alumbre native has a similar composition. The mineral 
stmmile from Copiapo is a soda-alum with up to half the sodium replaced by 
magnesium (ride infra). In 1792 S. Breislak, and in 1795 M. H. Klaproth, showed 
that th<* alum from Miseno and Solfatara, near Naples, is potash-alum. The latter 
said : " The grotto dt alnme at Miseno, Naples, serves as a laboratory where nature 
alone, unassisted by art, is constantly producing perfect alum.” J. D. Dana called 
native alum kalinile. It occurs as an efflorescence on argillaceous minerals — e.g. the 
alum shales of Whitby ; at Hurlet and Campsie near Glasgow ; at the volcanoes of 
Lipari and Sicily ; Cape Sable, Maryland ; Sevier, Tennessee ; Brandfeldern, 
SaarbrUeken, fi te. F. S. Beudant, and W. Griiner showed that ammonia alum 
occurs as a mineral which was called by F. von Kobell tschermigite, after Tschermig, 
Bohemia, where the salt occurs. It has also been obtained from Wamsutter 
(Wyoming), Dux (Bohemia), Tokod (Hungary), and the crater at Etna. Analyses 
were made by C. H. I’faff, W. A. Lampadius, F. Stromeyer, L. R. Lecanu and 
M. Blanehet, etc. T. Garnett, speaking of one of the sulphur wells of Harrogate, 
said : “ I have discovered alum therein, and I suspect salited clay.” A. Hunter 
found none. R. H. Davis analyzed one of the old alum wells of Harrogate and 
found 89-47 grains of aluminium sulphate, 3-14 potassium sulphate, and 2-19 
ammonium sulphate per gallon. 

I.. Kralovansky 3 stated that the evaporation, at temp, below 11°, of a mixed 
soln. of lithium and aluminium sulphates furnishes octahedral and dodecahedral 
crystals of lithia-alum, or lithium aluminium sulphate, Li 2 S0 4 .Al 2 (S0 4 ) 3 .24H 2 0, or 
dodecahydrated lithium d isulphafo-ahun 'mate, IdAl(S0 4 ) 2 .12H 2 0. An contraire , 

( . F . Kammelsberg was not able to prepare the double sulphate and said that it does 
not! exist. F. A. H. Schreinemakers and A. J. C. de Waal, in their study of the 
ternary system, Li 2 S0 4 — A1 2 (S() 4 ) 3 — H 2 0, found for the percentage composition of 
the soln. at 30° : 1 

• • 25-1 21*93 10-10 13*03 1173 0*75 3 44 0 

Al 2 (S0 4 ) a . 0 Q-34 i4. 8 9 20-70 22 08 24-34 20*12 28-0 

Solid phiiHiw . LI,80 4 .H,0 AljtSO^j.'lSHjO 

The line ah, Fig. 60, represents the solubility of hydrated lithium sulphate ; Ixi, the 
solubility of the same salt in a metastable condition ; b, a transition point ; be, the 

solubility of octodecahydrated alu- 
minium sulphate. Consequently, the 
only solid phases at 30° are Li 2 S0 4 .H 2 0 
and A1 2 (S0 4 ) 3 .18H 2 0 ; but this does 
not say w'hat would occur at the lower 
temp, expressly mentioned by L. Kralo- 
vansky. 

K. G. Wellner 4 stated t hat soda-alum 
crystallizes from the mother liquid 
remaining after the separation of 
potash-alum when soap-boiler’s lye, 
containing sodium chloride, has been 
employed in the preparation. P. Zellner 
obtained octahedral crystals of soda- 
alum by the spontaneous evaporation 
of a mixed soln. of sodium and alu- 
minium sulphates. Analyses of the 
. TT salt by K. G. Wellner, P. Zellner, 

iV qh* A , an d W. R, Smith agreed with sodium aluminium sulphate, 

M naii or dodecahydrated sodium disulphatoaluminate , 

JNaAl(S()4)2.12H 2 0. According to J. B. Spence, the crystals are obtained from 
soln. of sp. gr. 1*30, if more cone., say by cooling a hot cone, soln., a viscid mass 
is obtained, which crystallizes very slowly. These statements have been confirmed 
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by J. M. Wadmore, E. Auge, 0. Dumont, etc. G. Bergeron, and W. Beatson 
have described the manufacture of soda-alum. E. Auge said that the soln. of the 
mixed salts cannot be evaporated in tin* ordinary wav to the density necessary for 
crystallization without employing a temp, of at least 73 80 c , and the soda-alum 
soln. when heated to this degree is rendered incapable of crystallizing. K. Auge 
obviates this difficulty bv conducting the evaporation under reduced press., and 
obtains the required sp. gr. (138 to 146) at a temp, of about 48' in no case 
exceeding 60°. J. Bock added that if the soln. is made slightly alkaline by the 
addition of basic aluminium sulphate, the formation of the viscid mass does not 
occur. W. R. Smith said that the best way of making soda-alum is to dissolve 
the component salts in an amount of water sufficient to give a soln. moderately 
supersaturated at ordinary torn}). , and then cool the soln. inducing crystallization 
by stirring or seeding. This gives small crystals similar to alum-meal ; if larger 
crystals are desired, the soln. should be slowly evaporated at ordinary temp. 
As in the case of lithia-alum, t Ik* existence of soda-alum has been denied - - 
e.g. W. Ostwald has said that the place of potassium in potash-alum cannot be 
taken by sodium or lithium. The individuality of soda-alum is now well established, 
but that of lithia-alum is still sub judice. 

The general method of preparing alums is to crystallize the complex salt from a 
mixed soln. of the component salts. L. (leach wind, 5 K. W. Juriseh, F. Jiineinann, 
I). (1. Fahrenheit, J. M. Wilson, and L. Pommier have written monographs 
on the manufacture of alum. The analyses of T. Thomson, L. J. Thcnard 
and M. Board, L. N. Vauquelin, T. Graham, and J. Lowe show that potash- 
alum corresponds with potassium aluminium sulphate, K 2 S() t .Al 2 (S0 4 ) 3 2411oO s 
or dodecahydrated potassium disulphato-alumiuate , K A1(S0 4 ). i >.I 21L(). As indi- 
cated in connection with the history of aluminium, the manufacture of alum from 
alum-rock or alunite a basic potassium aluminium sulphate, vide infra dates 
from early times. The aq. extract from the roasted ore contains sufficient 
potassium and aluminium to furnish a crop of crystals of potash-alum. L. Duncan 
has described the process with the ore at Tonopah. A. Matheson, J. L. Silsbee, 
etc., have suggested modifications of the process. T. H. Wright treated a soln. 
of potassium chloride with magnesium sulphate, and added a soln. of aluminium 
sulphate to make the sp. gr about 1384. The soln. was heated to 90°, and cooled 
for crystals of potash-alum. As shown by A. F. Gehlen, the so-called Roman alum, 
as formerly prepared, had a higher degree of purity than ordinary alum ; the 
crystals were usually cubic. Alum is to-dav manufactured of an equally high 
degree of purity. H. T. S. Britton studied 
the ternary system, AL(S0 4 ) 3 - K 2 S0 4 -H 2 (>, 
at 25°, and his results are summarized m 
Fig. 67, where the ordinates represent the 
number of grams of water in which 1(X) grms. 
of the solute dissolve to give a sat. soln. 

Indications of the solid phases K 2 S04, alum, 

A1.2(S0 4 )3.18H 2 0, were obtained. Potash alum 
is also made from alum shales which contain 
pyrites, and sometimes, according to H. Miiller, 
organic sulphides. Various processes of manu- 
facture have been indicated in connection 
with the extraction of alumina (g.v.). 

W. A. Lampadius discussed the formation of alum from mixtures of pyrites and day. 
The sulphides in the alum-shales and alum-clays can be oxidized by weathering or by a 
low-temp, roasting. The oxidized ore is leached with dil. sulphuric acid, and the soln. 
mixed with potassium sulphate ; the hot cone. soln. is rapidly cooled while being agitated, 
when small crystals of alum-meal are deposited. This product is drained and washed with 
the mother liquor from the block-alum crystallization. The alum-meal is purified by dis- 
solving it to form a hot sat. soln., which is clarified by the addition of a little size to precipi- 
tate the suspended matters. The clear soln. is decanted into vats fitted with movable 
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Btavefl. Large crystals of block-alum collect on the staves. In a few days, the staves are 
removed, and holos bored in each mass of block-ulum to allow the mother liquor to drain 
away. The block-alum is then broken up for the market. When the shales contain much 
iron, the ferric sulphate can bo converted into chloride by the addition of potassium chloride 
alone or mivod u ith the sulphate. The iron then remains in soln. us ferric chloride instead of 
crystallizing as an isornorphous iron alum. J. Bock studied the conditions favourable for 
the formation of large crystals. 

Alum is also manufactured from blast furnace slags, bauxites and other 
hydrated forms of alumina, clays and other alumino-silicates. .). W. Hinchley 
described the manufacture of alum from leucite. These silicates may or may not he 
advantageously calcined at a low temp, to make them more susceptible to attack 
by sulphuric acid. 0. Schwartz considered the best calcining temperature to be 
about 500 , and the best concentration of the acid to he that with a sp. gr. 
between 1*297 and 1*530. According to L. Geschwind, the calcination temperature 
employed in France islOOO 0 - -vide “clays” for the effect of the temperature of 
calcination on the solubility. On a manufacturing scale other factors arc involved 
c.ff, the tendency of the mass being extracted to retain its porous granular form, 
or to disintegrate into a compact powder not easily penetrated by the acid. In 
preparing crude soln. of aluminium sulphate, powdered bauxite is boiled with dil. 
sulphuric acid until nearly neutral. The dil. liquor containing finely-divided 
residue m suspension is allowed to settle, and the liquor cleared by filter-press or 
other means. To eliminate the difficulties attending the removal of finely divided, 
undissolved residue from the liquor, W. B. Llewellyn and H. and P. Spence use a 
bauxite or clay which retains its form, without disintegration, during the extraction 
with acid. 


lh»' granular material ignited or not ignited in plaee»l m ft series of vatu with false 
Bottoms; a hot soln. of ftlunnnium sulphate with free ueid from a previous extraction is 
lirst allowed to percolate through the mass, and afterwards other hot or boiling soln . 
containing progressively more and more free acid, are passed through tin' materials. Weak 
liquors from previous operations and finally water are allowed to circulate through the 
exhausted bauxite, which is then allowed to dram. The exhausted bauxite is replaced by 
fresh material, winch then takes its place in the cycle of operations. The clear neutral or 
)asi° soln. of aluminium sulphato can then be purified from iron, and converted into alum, 
etc. J lie process has also been adapted to aluminous clays, otc. 


1 . Spence (1870) described a process of making alum from mineral phosphates ; 
J* 7* Gerapath prepared alum from the ashes of boghead coal; and G. (Jlemm 
utilized the sulphates from the Stassfurt deposits by adding to each mol of 
aluminium chloride in hydrochloric acid soln., one mol of schonite and 2 mols of 
kiesente : 2A101»4 K 2 S0 4 -| aMgSO^SMgClH K 2 S0 4 .A1 2 (S0 4 ) 3 . The alum readily 
crystallizes out leaving the magnesium chloride in soln. Some have prepared alum 
by using potassium chloride, e.g. T. H. Wright treated a soln. of that salt with sodium 
sulphate, and then added aluminium sulphate to the slightly acid soln. Potash- 
alum crystallizes out. The use of potassium chloride in place of the sulphate hinders 
the formation of iron-alum isornorphous with ordinary alum, and is used where 
sufficient iron sulphate is present to supply the necessary sulphuric acid to 
produce alum. The alkali chloride converts the ferric and ferrous sulphates 
to the more soluldo chlorides. An excess of alkali chloride would attack the 
aluminium sulphate, and produce aluminium chloride which would be lost. 
A. Iv. Lindblad and S. If. Huffman have discussed the removal of iron from 
aluminium sulphates. 

The manufacture of ammonia-alum is conducted in a manner analogous to 
that of potash-alum when ammonium sulphate, produced from waste liquors 
from gas-works, is used in placo of potassium sulphate. The analyses 
of F, Stromeyer, A. Riffault, and G. Forchhammer havo shown this salt 
corresponds with ammonium aluminium sulphate, (NH 4 ) 2 S0 4 .A1 2 (S0 4 ) 3 .24H 2 0, 
or dodecahydrated ammonium disulphatoaluminate, NH4A1(S0 4 ) 2 .12Ho 0. W. Meyer- 
mgh prepared typical crystals of hydroxylamine-alum , or hydroxylamine 
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aluminium sulphate, (NH 3 0H)oS0 4 .Al 2 (S0 4 ) 3 .2iH,0, or dodeeahydrated hydroxyl- 
amine dixulphalaaluminate, (NH30H)Al(S0 4 ) ;i .12H 2 l). in an analogous manner. 
Typical crystals of rulmlm-ahun . or rubidium aluminium sulphate, 
Kb 2 S0 4 .AL(S0 4 ) a .241f 2 (), or dodeeahydrated nibidiuui dundphtUo-ahnnmule, 
RbAl(80 4 )2.12H 2 0 ; ami id casin-ahnn, or caesium alu mini um sulphate, 
U»2S04.Al2(S0 4 )3.24H20, or dode'cahydrated casnun dwulphtitoal uni mate, 
UsA 1(S0 4 )2.12H20, were prepared by G. Kircbhoff and R. Bunsen from a soln. of the 
component salts. S. Kern claims to have made typical crystals of sdrer-alum, 
or silver aluminium sulphate, Ag 2 S0 4 . AI 2 (S0 4 ) :{ .2 1 1 U), or silver disulphatuuhnn I mile, 
AgAl(S0 4 ) 2 .121I 2 0, by evaporating mixed soln. of the component salts; and 
A. H. ('hurch and A. B. Northeote, by heating in an oil-lmth a mixture of silver 
sulphate with aluminium sulphate and water until the silver salt had all dissolved; 
on cooling, typical crystals of silver-alum were formed. ,J. W. Hetgers has denied 
the existence of silver-alum. 

The cubic crystals of alum appear as octahedra when crystallized from 
a<j. soln. In 1772, A. M. Sieffert, 0 and in 1802, N. le Blanc, showed that if the soln. 
be made alkaline by the addition of lime, or alkali carbonate, the crystals arc in 
cubes — cubic alum. F. 8. Beudant likewise obtained cubic crystals by the addition 
of a little borax; U. von Hauer, ammonia . and II. Kopp, alkali-lye. F.Jannettaz 
examined the effect of aluminium and ammonium chlorides, and hydriodic and 
sulphuric acids; and T. J. Bclou/.e and PL Fremv. 1\ A. Schemjatschensky, 

N. 8. Kurnakoff, A. Schubmkoff, PL S. Beudant, A. Stiassny, K. Klepatschewsky, 
H. Kopp. .1 F. Beisoz, A. Fobs. A, Knop, and B. Weber, tin* etl’ect of hydrochloric 
acid. Other observations have been made by A. Scacchi, H. A. Miers, F. Klocke, 
L. WultT, P. Uaubert, A. Bauber. Z. Wevlierg, 11 Przibram, A. Korbs. and A. Rota. 
Jj. Vegardand co-workers studied the X-radiogr&ms of potash- and ammonia-alums, 
and could find no distinction between the water of crystallization and tin* other 
constituents of alum. The subject has been also discussed by ,1. .J. P. Valeton, 

O. Schafer and M. Schubert. T. Terada. and PNiggli. L. Vegard and H. Schjelderuji 

showed that the sides of the unit cubes containing four chemical molecules of 
potash-alum art* 1208/10 8 cms., and of ammonia-alum. 12*00 >. 10~ 8 cms. 
R. W. (i. WyckofT said that the hemihedral structure of the alums has in a unit 
cell four mols with the composition R , R' , '(S() 4 )2.I2H 2 0, and in this space group 
the four sulphate oxygen atoms cannot be exactly alike. Three are similarly 
placed, but four are different from the other three ; the 12 mols of water fall into 
two groups six in each. The corrosion figures have been examined by F. Klocke, 
and L. Wulfl ; the rates of dissolution of the difference faces of the crystal, by 
.1, J. P. Valeton ; and the percussion figures, by M. Kuhara. * . 

The formation of supersaturated solutions by cooling hot sat. soln. in closed 
vessels was described by H. Lbwel ; and L. de Boisbaudran. by mixing cone. soln. 
of the component salts in a vessel protected from atm. dust. The last-named found 
that if a soln. be evaporated at 75 ’-80" while protected from dust, the supersal united 
soln. furnishes a hard glassy mass which does not crystallize in contact with crystals 
of alum, but if moisture be present, the glass becomes opaque and crystalline. 
A. Jeannel found that when the glassy mass docs crystallize* much heat is evolved, 
and the mass expands considerably ; he also found that a thin layer of a soln. of alum 
does not crystallize on glass. According to J. M. Thomson and W. P. Bloxam, a 
supersaturated soln. of alum may be inoculated with either potassium sulphate* or 
octodecahydrated aluminium sulphate without crystallization, H. Schiff, and 
R. Krickmeycr found that ammonia- and potash-alum form a continuous series of 
mixed crystals ; F. P. Venable studied the mixed crystals of soda- anel potash-alums. 
C. Soret reported that soda-alum can be obtained in monoclinic prisms with axial 
ratios a : b : c=2*5060 : 1 : 0*9125, and /9 -109° by pouring a layer of alcohol 
over a sat. aq. soln. of soda-alum at 8° 12°. P. Groth assumes that soda-alum 
is dimorphous— monoclinic and cubic. C. Soret’s analysis corresponded with 
Na2S0 4 .Al2(S0 4 )3.23H 2 0 ; but N. I. Surgunofi’s investigation shows that tjie salt 
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is docosihydrated Na 2 S0 4 ,Al2(S0 4 )3.22H 2 0, or henademhydrated sodium disulphato- 
aluminate, NaAl(S0 4 ) 2 .l 1 H 2 0 -corresponding with T. Thomson’s analysis of 
inendozite -and if the supersaturated soln. crystallizes at 20° or less, cubic crystals 
arc formed, and if at a higher temp., monoclinic crystals are produced. 

The specific gravity of lithia-alum is not recorded ; that of soda-alum has been 
determined by R. Krickmeyer — 1*675 ; H. Schiff 7 — 1*641 ; 0. Pettersson— 
1691 (18°); C. Soret — 1*73; A. [Ire — 160; H. J. Buignet — 1*567; that of 
potash-alum by H. SchifI — 1*722 ; 0. Pettersson — 1*752 ; R. Krickmeyer, and 
M. le Blanc and P. Rohland— 1*757 ; A. Dufrenoy— 1*753 ; H. J. Buignet— 1*757 ; 
F. Stolba— 1*7505 ; W. C. Smith -1*753 ; J. H. Hassenfratz- 1*17109 ; H. Kopp 
— 1*724 ; L. Playfair and J. P. Joule-1 *726, or 1*75125 at 4° ; H. G. F. Schroder— 
1*711; and C. Soret - -1*666 1*669 ; that of rubidia-alnm by J. Redtenbacher — 
1*874; C. Setterberg— 1*884 at 20*6°; C. Soret- 1*852; that of cassia-alum by 
J. Redtenbacher -2*003 ; E. Hart and H. B. Huselton— 1*945 ; andC. Soret— 1*911 ; 
and that of ammonia-alum by L. Playfair and J. P. Joule— 1*625 ; R. Krickmeyer- - 
1*645; H. Schiff -1*621 ; H. J. Buignet- 1*653 ; (). Pettersson— 1*642 at 18*8° ; 
W- L. Smith 1*661 ; H. Kopp — 1*626; A. Breithaupt — 1*602; and 0. Soret — 
1*631. The best representative values between 18° and 20° are : 


K Kb C's NH 4 -aJum 

* S P* 8 r * • .1-68 1-75 1-88 1-95 1*64 


1. Ihomson gave 1*88 for mendozite. C. Soret gave for his monoclinic soda-alum, 
1*728 -1733. hor dehydrated potash-alum, L. Playfair and J. P. Joule gave 2*228 ; 
and 0. Pettersson, 2*6875 at 15° ; for dehydrated rubidia-alum, the last-named 
gave 2*7821 at 14*9 ; and for dehydrated ammonia-alum, L. Playfair and J. P. Joule 
•gave 2 039. W. Spring measured the effect of temperature on the sp. gr., and found 
this to be: 1 b 


Potash-alum 
Rubidia-alum . 
Cwsia-ahim 
Ammonia- alum. 


19° 20° :M‘ 50’ 70 J SKV 100° 

1*7540 1-7542 1*7538 1*7532 1*7521 1 7474 1 7007 — 

1*8067 1-8048 1*8639 1*8635 1-8624 1-8011 1 8578 1-8554 

2-0215 2-0210 2*0205 2 0200 2*0189 2 0173 2-0107 2*0061 
1*0357 1-6351 1*6346 1*6345 1*6336 1-0328 1-6209 1-6275 


J. Dewar gave 1*6414 for the sp. gr. of potash-alum at the temp, of liquid air, about 
-180 ; when the sp. gr. at 17° is 1*6144. W. Spring also measured the effect of 
pressure (20, 000 atm.) on the sp. gr. : 


Potash-alum 

C**sia-alum 

Ammonia-alum 


Not prosiod. 
1*758 (21°) 
1-988 (18°) 
1*611 (18°) 


Once pressed. 
1*756 (16-5°) 
2 * 000 ( 20 °) 
1-629 (16*5°) 


Twice pressed. 
1*750(16*5°) 
2*005 (20°) 
1*034 (18°) 


A. Urc found that an aqueous solution of soda-alum sat. at 15*5° had a sp. gr. 1*296, 
and contained 110 parts of salt per 100 parts of water. E. F. Anthon gave 1*045 
for the sp. gr. of a soln. of potash-alum sat, at 8° ; and G. T. Gerlach gave 


Potash-alum . 

Sp. gr. 17-1°/17*1° . 


4 8 

1 0205 1*0415 


12 13 per cent. 

1*0635 1*0690 


Measurements with soln. of potash-alum were made by A. Michel and L. Kraft 
E. Forster, M. le Blanc and P. Rohland, and F. Stolba. F. Fouque found the 
sp. gr. of a 11 per cent. soln. of potash-alum to be -1*0093 and 1*0090 respectively 
at 0 and _12 ; and of a 34*2 per cent, soln., 1 0304 and 1*0298 respectively at 0° 
??vL?e* j ^ ewise f° un d the sp. gr. of a 3*2 per cent. soln. of rubidia-alum to be 
1*0025 and 1 0021 respectively at 0° and 12°. J. G. MacGregor found that the 
sp. gr., D t of a soln. of potash-alum at 20° containing w per cent, of the anhydrous 
Sa ono ^ * 8 ^o+0*0095187*, where D 0 represents the sp. gr. of water 

at 20 . According to R. Broom, the dissolution of 4*99 grms. of dehydrated potash- 
alum in 100 o.o. of water is attended by a contraction of 0 033 per cent. G. T. Gerlach 
measured the sp. gr. of soln. of ammonia-alum ; and M. Hoek and J. A. C. Oudemans, 
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of soda-alum. J. Beckenkamp measured the torsion modulus or rigidity of crystals 
of potash-alum, and found 1806 kgrms. per sq. mm. f<»r a cube face, and 1987 kgrms. 
per sq. mm. for an octahedron face. D. M. Torrance and N. Knight showed that 
diffusion phenomena of aq. soln. of sodium aluminium sulphate corresponded with 
a large amount of dissociation. W. Voigt measured the elftSticity constants of the 
crystals of potash-alum and found the elastic anisotropy to be small. 

The coeff. of thermal expansion of potash-, rubidia-, cioaia-, and ammonia- 
alums can be calculated readily from the data by W. Spring 8 on the effect of temp, 
on the sp. gr. E. Wiedemann observed that potash-alum contracts when heated 
above 51 3° in a mercury dilatometer, and explained the phenomenon by assuming 
that the complex mol. dissociate into their constituent mol. K. N Ivanova showed 
that the alleged contraction is a mal-observation due to the slow tilling of the 
interstices of alum by mercury. The specific heat of potash alum between 15' and 
22° was found by E. Baud to be 0*349 ; and between - 188" and 18", by J. Dewar, 
0*251). W. Nernst and E. Schwcrs found the mol. ht. to be 11)5*66 at 183 5°, 
and 27*83 at --247*3°. K. Bindel found for 6*3, 16*6, and 39*4 per cent. soln. of 
potash-aluin the respective sp. ht. 0*943, 0*860, and 0*714 ; ami for 5*8, 15*5, and 
37*4 per cent. soln. of ammonia-alum, respectively 0*942, 0*858, and 0*691. 

T. Graham said that potash-alum loses three-fourths of its water of crystallization 
at 64*5°, and he accordingly represented it by the formula K»S0 4 Al 2 (S0 4 ) 3 .6Hj i () 
d 18H 2 0. K. Kraut found that the same proportion of water is lost when the 
salt is confined over cone, sulphuric acid for 180 days. W. Miiller-Erzbach 
measured the vapour pressure of the crystals of soda-, potash-, and ammonia-alums, 
and from the loss of water by potash-alum confined over sulphuric acid of different 
cone., lie inferred, like T. Graham, that 18 of the 24 mols of water are more loosely 
attached than the other six ; with soda-alum. In* found one-half the water is more 
loosely attached than the other half ; and witli ammonia-alum, nine mols are more 
loosely attached than the others. H. G. K. Schroder found all the water is lost m 
vacuo at 185". G. F. Gerhardt found 20 mols of water are lost at 120", and all at 
200", and at the same time the salt becomes sparingly soluble in water. S. Lupton 
said 23 mols of water arc lost at I80 u - 190° from potash- and ammonia alums ; and, 
according to G. .J, Mulder : 

40' 47 J j( 1" 8*r 101' 110 172° 201“ 

Porcent ago loss H/) . 2*7 !Mj 27 2 2<H> 34*2 37* t 42*8 44*5 

J. W. Mallet found that finely powdered ammonia-alum confined over cone, sulphuric 
acid at 20° 27°, lost the following proportions of water in mols : 

Mols H/> lost .1 2 3 4 r» I) 7 8 U 10 

Hours . . 75 78*5 78*5 90 90 122 155 170 182 231 

and 1 1 mols in 282 hrs. ; 12 mols in 459 hrs. ; 13 mols in 744 hrs. ; 14 mols in 1121 hrs. ; 
and 19 mols in 9646 hrs. E. T. Erickson found that the mineral tschermigite loses 
three-fourths of its water at 105°, and nearly all at 200° ; decomposition begins at 
360°, and on ignition the total loss is 88*06 per cent. K. Kraut showed that all 
the water is lost when potash-alum is heated in a current of air at 100° for 120 hrs., 
and that there is no loss of sulphur trioxide, while the salt retains its faculty of readily 
dissolving in water. J. Juttke said that the loss of wateiMn air begins at 34°, and 
at that temp. 5 mols of water are lost in 85 hrs. ; at 42°, 1 1 mols ; at 65°, 19 mols ; 
at 91°, 19 mols ; and at 100°, 24 mols. Hence no more water is lost between 65° and 
91° than is lost at 65°. P. Zellner said that soda-alum begins to lose water at 
40°-50°, and the crystals become turbid. J. M. Wadmore found that soda-alum 
loses about half its water at 50°, and A. Ure said all is lost at a red heat, and the 
residue is completely soluble in water. S. Macischevsky measured the vap. press, 
of soln. of ammonia-alum and of potash-alum, and found that each salt gave two 
curves intersecting in the case of the former at 82*7°, and in the case of the latter at 
79*5°. These points represent a chemical change in these alums. 
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When the alums are heated, they melt in their water of crystallization ; 
0. M. Marx found the melting point of potash-alum to be 92° ; G. J. Mulder, 92*5 ; 


M.p. (W. A. Tildoi.) 
M.p. (if. Erdmann) 
M.p. (J. Lof’ko) 


, and J, Locke gave for the different alums : 

Na- 

K- 

NH<- 

JM>- C’s-aluin 

. Gl° 

84-f>° 

92° 

99° 105°~106° 

. 

92 6° 


105°. 120-5° 

. (53° 

91° 

95° 

109° 122° 


so that W. A. Tilden’s results appear to be too low. E. Hart and H. B. Huselton 
found tlie m.p. of caesium alum to be 1 17°. (J. M. Marx observed the under-cooling 
of molten potash-alum. According to 0. Hertwig, molten potash-alum at 100° 
becomes more and more viscid and finally solidifies to a clear vitreous mass ; at 
120 n , the molten alum swells and loses water, and after 12 hrs. is converted into 
a porous mass containing 5 mols of water; even at 280°, the mass still retains 
one-half mol of water. A. Naumann said that potash-alum which has been 
ept at 78° for some time forms, when melted, a turbid liquid. H. Lfiwel, and 
A. Naumann heated potash-alum in a sealed tube at 100°, and the latter stated 
that the liquid becomes turbid, forming dehydrated alum, and the separated water 
hydrolyzes the salt, forming a basic potassium aluminium sulphate ; at 200°, the 
product, according to H. Lowel, is K 2 S0 4 .3A1 2 (S0 4 ) 3 . According to E. Wiedemann, 
potash-alum expands regularly when heated up to 30°, when water begins to be given 
off ; the salt melts at 90° ; on cooling to the original temp., there is a contraction 
of 1*42 per cent., but ammonia-alum melts at 92°, and when cooled to its initial 
temp., the original volume is restored. H. Erdmann also found rubidia-alum at 
205" melts to a clear liquid, then begins to boil, and forms the anhydrous salt ; 
if the molten salt be cooled before it has lost water, it forms a sticky mass. When 
potash-alum is gradually heated to a temp, below redness, it loses water, swells up 
very much, and loaves a loose, friable, porous mass of dehydrated alum — the so-called 
alumc.n ustum , or burnt alum . At a white heat, the sulphuric acid is expelled from 
the aluminium sulphate, leaving a residue of alumina and potassium sulphate ; 
if heated in a retort, the distillate has been called spirit of alum , which is a soln. of 
sulphurous and sulphuric acids. According to C. Brunner, at a certain period 
of the decomposition, potassium hydrosulphate can be detected in the residue. 
When ammonia-alum is similarly treated, alumina alone remains, the ammonium 
sulphate is volatilized. P. A. Favre and 0. A. Valson found that the ammonium 
sulphate volatilizes with far greater difficulty than when alone. 

G. Tammann found the lowering of the vapour pressure of water by ammonia 
alum for soln. of 10 97, 34*41, and 67*99 grms. of (NH 4 ) 2 S 04 .A] 2 (S 0 4 )3 per 100 grms. 
of water to be respectively 10*9, 36 9, and 96*4 mm. G. J. Mulder found the boiling 
point of a soln. of 210*6 parts of potash-alum in 100 parts of water to be 111*9° ; 
T. Griffiths found a soln. with 52 parts of potash-alum in 100 parts of water to boil 
at 101*5 , and G. T. Oerlach found for w grms. of potash-alum in 100 parts of 
water : 

0 7 107 290 015 971 2032 oc 

Boiling point, . 100 101° 102° 108° 104° 105° 106° 106 7° 


M. Flossy gave 12*4 Cals, for the heat of solution of KA1(S0 4 ) 2 .5H 2 0, and —10*12 
Cals, for K.Al(S() 4 ) 2 .1‘2H a D ; for NH 4 A1(S0 4 ) 2 .12H 2 0, the heat of soln.-is —9*6 Cals. 
According to F. Rudorff, when 14 parts of potash-alum are mixed with 100 parts of 
water, the temp, can fall from 108° to 9*4°. H. C. Jones and E. Mackay measured the 
lowering Of the freezing points of aq. soln. of the alums, and inferred that the alums 
in aq. soln. are almost completely broken down into their constituent salts in dil. 
soln., but not completely in more cone. soln. R. Dubri$ay studied the temp, of 
miscibility of soln. of alkali and aluminium sulphates. 

The index Of refraction of crystals of soda-alum has been measured by C. Soret ; 9 
of potash-alum, by C. Soret, H. Dufet-, A. Borel, A. Muhlheims, D. Brewster, F. Kohl- 
rausch, J. Grailich, J. Stefan, and A. Fock ; of ammonia-alum, by A. Borel, 
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J. Grailich, and 0. Soret ; and uf rubidia- and ciesia-alums by V. Soret. The results 
by the last-named are indicated in Table VII. E. Forster calculated the sp. refraction 


Tarle VII — Kei'kA('TIvk Indices of tee Alums. 


K 


(1(431 

F(486 

1 >( 518 ) 

E(G27) 

D(589) 

('( 050 ) 

13(080) 

a(7 18) 


Na-ulum 

K-alum 

Nlli-iiluin 

15'- 21" 

Hit-alum 

Os-alum 


14-17“ 

7 a -21° 

15° 25 

1 ‘44804 

1-46854 

1-46923 

1-46618 

1-46821 

1*44412 

1-46420 

1-46481 

146192 

1 46386 

1-44231 

1-46229 

1-46288 

1-45999 

1 -46203 

1-44185 

1-46168 

1-46234 

1-45955 

1-46141 

1-43884 

1-45862 

1-45939 

1 -45600 

1-45856 

1-43653 

1-45630 

1-45693 

1-45417 

1-45618 

1-43563 

1-45527 

1-45599 

1 45328 

1*45517 

1-43492 

1-45463 

1-45509 

1 15232 

1-45437 


of the mols. of water-free alum in aq. soln. to be 0*1809 at 24°. The anomalous 
double refraction of potash-alum has been studied by E. Reuse!), E. Mallard, 
F. Klocke, R. Brauns, R. Kriekmeyer, and F. Pockels ; and of ammonia-alum, by 
F. Klocke. The refractive index of crystallizing soln. of potash- and ammonia- 
alums was measured by H. A. Miers and F. Isaac. E. Aschkinass found a small 
reflection band in the ultra-red reflection spectrum of potash-alum at 905/1 ; and 
W. W.Uoblentz.a maximum at 91/x. The ultra-red transmission spectrum has water 
bands at 1*5 ft and 2 fi. W. Crookes studied the adsorption of heat rays from an 
electric arc by a sat. soln. of ammonia-alum 5cms. thick, and found that athermometer 
registered 170°, when it registered 197' if water alone was used. C. Schafer and 
M. Schubert, S. B. Nicholson and E. Pettit, and L. Vegard and II. Sehjelderup 
studied the ultra-red vibration frequencies of the alums, and concluded that any 
hypothesis which would distinguish the water of crystallization from water of 
constitution could not be reconciled with the observed relations between the 
high-froqueney reflection spectra. The removal of the water of crystallization is 
necessarily accompanied by the destruction of that structure which is characteristic 
of the hydrat ed salt. A n aq. soln. of alum permits the passage of all visible rays but of 
only a few ultra-red rays ; a soln. of iodine in carbon disulphide cuts ofl all visible light 
rays and is permeable to ultra-red rays. T. E. Auren found the mol. absorption of 
X-rays by alum to be the sum of the at. absorptions of the constituent elements. 

F. S. Svenson 10 measured the electrical conductivity of aq. soln. of soda-, potash-, 
and ammonia-alums. H. C. Jones and co-workers found for the mol. conductivity, 
/x, of potash- and ammonia-alums for soln. with a mol of the salt in v litres of water : 


V 

4 

8 

32 

218 

512 

1024 

2018 

4096 

K U at 0° . 
at 65° 

— 

78-9 

101-2 

127-6 

158-8 

177-8 

197-5 

218-8 

1961 

2406 

317-4 

426-2 

557 1 

— 

709-4 




80-0 

102-5 

1301 

162-2 

1 si o 

201-8 

224-2 

. 

230-5 

— 

- 

578-5 


831-5 



The alums, in dil. soln., have a conductivity which is almost exactly the mean of 
the conductivities of their constituents, from which it follows that the complex alum 
mols. are broken down completely in such soln. iuto the mols. of the simpler sulphates, 
and that these simpler mols. ionize as if alone, barring the effect on the ionization 
produced when the soln. are not isohydric. In cone, soln., the alums show a con- 
ductivity less than the mean of the conductivities of their constituents. The 
difference becomes more marked as the cone, increases, and is of the same order as 
that observed for other double sulphates. It is much greater than that found in the 
case of mixtures of sulphates incapable of yielding a double salt. This must bo 
regarded as evidence that the alums are partially undecomposed into the constituent 
mols. in such soln., or that the ionization into the simple ions into which the single 
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sulphate break down is not complete. This is confirmed by the f.p. determinations. 
J. F. Daniell and W. A. Miller made some observations on the transport numbers 
of the alums in aq. soln. J. Curie, H. Starke, and W. Schmidt measured the dielectric 
constant of potash-alum ; for A=oc , this constant is 6 67, and for A— 75 cms., 6*25. 

L. Kralovansky 11 said that the solubility of lithia-alum in water at ordinary 
temp, is 4‘ 17 grms. of the salt in 100 parts of cold water and 115 grms. of the salt 
in 100 parts of hot water. P. Zellner said that 100 parts of water at 13° dissolve 
46 7 parts of the salt, and 100 parts of the salt if the water is boiling. A. Ure said 
that KX) parts of water at 15*5° dissolve 110 parts of soda-alum. W. R. Smith 
found for the percentage solubility of soda-alum : 

10° lj° 20° 25° 30 

Nrt-nlum . . . 26-0 27!) 200 30 1 314 

There is a transition temp, about 30° with soda-alum in contact with its sat. soln. 
A hove said R A uge, the soln. seems to lose its faculty of crystallizing. 
J. M. Wadmore, E. Auge, and W. A. Tildcn have also made observations on the 
solubility of soda-alum in water. E. Auge said that at temp, approaching 0° 
hydrated sodium sulphate crystallizes from the aq. soln. The solubility of 
potash-alum has been measured by R. Brandos, J. B. Richter, J. Locke, L. Marino, 
A. B. Poggiale, J. Redtenbacher, the Earl of Berkeley, etc. The best representative 
values for the percentage solubilities are : 

0’ 15° so 4.V <;o° 11). p. 

K- alum. . . 2-87 4-80 7*74 12-48 19*85 54-45 

To these 0. J. Mulder added : 100°, 6063 ; 110°, 66*67 ; and 11H)°, 67 81 per cent, 
in which the solid phase is K Al(80 4 ) 2 .aH. (i 0. The Earl of Berkeley found that a solid 
separated from soln. at about 68°. ( !. J. B, Karsten said that potash-alum is almost 
insoluble in soln. of aluminium sulphate. C. Reuss, and L. Marino made observations 
on this subject ; expressing the results in mols of salt per 1000 mols of water, the 
latter found, with alum and aluminium sulphate as solid phases : 



0° 

20° 3.V 

50' 

05° 

77 “ 

AljfSOJa 

. 01 

151 24-1 

33-5 

43*1 

50-5 mols. 

K.SO* 

. 2-3 

31 30 

0-1 

12-3 

18-9 „ 

and with alum 

and potassium sulphate as solid 

phases, 1 

Li. Marino 

found : 


O’ 

ir so’ 

40 J 

00’ 

so" 

AMXO,), 

. <H 

0-5 1-0 

1-0 

0-7 

28-1 mols. 

k,ho 4 

. 7-8 

9-0 15-2 

10-8 

34 0 

53-4 „ 


(L J. Mulder found that at 10°, 1(X) parts of water sat. with potassium sulphate 
dissolved 0 80 part of potash-alum. F. P. Venable found that the solubility of 
potash-alum is reduced by the presence of soda-alum ; the amounts in grams of 
potash-alum dissolved by soln. containing the following amounts in grams of soda- 
alum, at 25 ’, are : 

Na-rthim . , 4-8 100 12-1 I.W 21 l 33*7 55-0 70-7 

K-fthnn . . 7-8 0-1 5-7 5 3 4-7 3-8 2-7 1-7 

A. Fock measured the effect of thalia-alum oil the solubility of potash-alum ; and 
0. von Hauer, the effect of chronic-alum and of ferric-alum ; and G. J. Mulder, the 
effect of magnesium sulphate. C. J. B. Karsten found that potash-alum crystallizes 
unchanged from its soln. in presence of potassium nitrate or chloride. According 
to P. L. Geiger, if burnt alum be quenched in water it remains undissolved for many 
months, but if it has been exposed to air for a fortnight, it regains its peculiar taste, 
and dissolves with ease. The solubility of potash-alum in alcohol is very small. 

The solubilities of rubidia-alum aud ciesia-alum have been measured by 0. Setter- 
berg, J. Redtenbacher, E. Hart and H. B. Huseltou, the Earl ot Berkeley, and 
F. Godeffroy. The best representative values for the percentage solubilities are : 



Bib- alum . 
iCs-alum . 
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o * 

15 ° 

30 9 

45 ° 

0*715 

1*25 

2*15 

3*85 

0*21 

0*35 

0*60 

1*04 
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60 * 

80 * 

190 * 4 * 

in.p. 

0*89 

17*77 

— 

58*5 

1*96 

5*21 

18*60 

02*00 


f The Earlof Berkeley found that a solid separated from the soln. of rubidia-alum at 80°. 
|The solubility of ammonia-alum was determined by F. Pohl, A. B. Poggiale, 
G. J. Mulder, and J. Locke. The best representative values for the percentage 
solubility are : 


O' 10 J 20' 40' («)“ 80 J hl.p. 

NH,-ttliiin . . 2-53 4 31 019 1 1 1)0 1740 20*00 5220 

and G. J. Mulder added that at 110 6°, the solubility is 67 50 per cent, with a hydrate 
NH 4 A1(S0 4 ).h 1L>0 as solid phase. According to F. Guthrie, the eutectic or 
cryohydric temp, is — 0 20° with 4 3 per cent, of dehydrated alum — this last number 
is too large. F. Riidorff measured the effect of aluminium and ammonium sulphates 
on the solubility of ammonia-alum. By raising the pressure up to 400 atm., E. von 
Stackelberg found that the potash-alum content of a gram of the soln. was raised 
from 01 15 to 0142 grm. 

Ammonia- and potash-alums have an indescribable taste, for they are sour and 
yet sweet. O. Schumann found that when potash-alum is heated in a stream 
of hydrogen, sulphur dioxide and water are formed and the residue contains a 
little sulphate but no sulphide, and is but partially soluble in hydrochloric acid. 
PL Auge stated that soda-alum is only very slightly efflorescent in air, and may 
bo kept several months without alteration. Statements to the contrary are said 
to be based on observations with the impure salt. When crystals of potash-alum 
are exposed to the air, they become an opaque-white superficially, some ammonia 
is absorbed from the air, and a basic sulphate formed. According to K. Kraut, 
alum which has lost 1H mols of water over cone, sulphuric acid absorbs the lost 
water from the atm. during 3 months’ exposure, while H. von Bliicher said that 
burnt alum absorbed 18 mols of water from the atm. after 47 days’ exposure to air 
in summer, and more water continues to be absorbed. The soln. reddens litmus. 
T. Graham 12 F. Riidorff, and ('. L. Parsons and W. W. Evans showed by diffusion 
experiments that the two sulphates can be separated by diffusion, and J. C. G. dc 
Marignac concluded that the complex salt is formed only at the moment of erystalliza- 
tion. G. T. Gerlach pointed out that the slight volume changes which occur on 
mixing the component salts indicated that some combination does occur in soln. 
While. H. I 1 . Jones and PL Maekay showed by f.p. and conductivity measurements 
that dil. soln. of alum in water behave like soln. of the mixed sulphates; in cone, 
soln. alone are there signs of the formation of complexes. If this be so, the liberated 
aluminium sulphate in dil. aq. soln. of alum should be more or less hydrolyzed by 
water as in the case of aq. soln. of aluminium sulphate alone (q.v.), except possibly 
some protective action by the alkali sulphate. 0. R. C. Tichborne found uq. soln. 
of potash-alum decompose at about 100° with the separation of insoluble flecks which 
can be recognized by illuminating the soln. The Earl of Berkeley also noted separations 
with aq. soln. of potash-alum at 68°, and with rubidia-alum at 80°. A. Naumann 
said a basic aluminium sulphate separates as a white precipitate when aq. soln. of 
alum are boiled. It was found that with pure alum soln. the decomposition was most 
rapid at first, gradually becoming less for equal intervals of time, so that a state of 
equilibrium in the liquid was reached only after a very long time. Dilution of the 
soln. favoured decomposition. Free sulphuric acid, added to alum soln., prevented 
the decomposition, partially or entirely, according to the amount added. Neutral 
potassium sulphate, on the contrary, expedited the decomposition — vide basic 
aluminium sulphates. A. Mitschcrlich obtained ldwigite by heating potash-alum 
with water in a sealed tube at 170° -230°. According to R. Willstiitter, alum, can 
take up hydrogen peroxide of crystallization. 

According to J. W. Thomas, hydrogen chloride is without action on 
dehydrated potash-alum. In studying the effect of hydrochloric add on 
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the crystalline form of potash-alum ( q.v .), P. A. Schemjatschensky some- 
times obtained crystals of complex potassium chlorosulphatoalumimte , 
6{KA1(S0 4 ) 2 .12H 2 0 J . K a S0 4 .ttKCl.6AlCl s . J. B. Richter noted that when potash- 
alum is heated with potassium or sodium chloride, hydrogen chloride is set free ; 
while if a cone. soln. of the alum is boiled with potassium chloride, sodium chloride, 
or ammonium chloride, a sparingly soluble basic sulphate is precipitated. These 
reactions were also discussed by R. von Wagner, and F. J. Knapp. J. B. Richter 
also observed that a mixed soln. of alum, sodium chloride, and potassium nitrate 
dissolves gold. When crystals of potash-alum arc kept under cold cone, sulphuric 
acid for a fortnight, a white pasty mass is formed which when treated with water 
becomes hot, and when dissolved in boiling water, yields, on cooling, octahedral crystals 
of K 2 S0 4 .AI 2 (S0 4 ).14H 2 0, according to (J. Hcrtwig; or K 2 S0 4 .A1 2 (S0 4 )3.24H 2 0, 
according to W. fleintz. Boiling sulphuric acid converts alum into an insoluble 
white powder which, according to C. F. Gerhardt, is converted by water into crystals 
of ordinary alum, but, according to A. Laurent, into crystals of an acid sulphate, 
A! 2 (S0 4 ) 3 .H 2 S0 4 W. F. Salm-Horstmar said that if alumina be melted with 
potassium hydrosulphate, and the cold mass extracted with hot water, small 
six-sided crystals of a product approximating to water-free alum are produced. 
When burnt alum is heated with carbon, a pyrophoric mixture containing alumina 
and potassium sulphide is formed. J. Thomsen found that the thermal value of 
the reaction between potassium hydroxide and potash-alum is 30*53 Cals., and he 
assumed, in consequence, that AI 2 (S0 4 ) 3 d-6K0H- -3K 2 S0 4 -+ 2Al(OH);}-f 30*53 Cals., 
but A. V. E. Young believes that the deduction is invalidated by the significant side 
reactions which occur. L. B. Miller studied the fractional precipitation of alumina 
from soln. of alum- --vide aluminium hydroxide. N - . R. J)har and co-workers found 
that copper hydroxide precipitates aluminium hydroxide from a soln. of potash- 
alum, and while copper goes into soln. some is retained by the precipitate. 
J. Lowe said that zinc in contact with platinum dipped in an aq. soln. of alum 
furnishes hydrogen, and a basic aluminium sulphate. 

Many dyes are capable of combining directly with the fibre of the cloth to bo dyed 
in such a way that the colouring matter is not removed by water and soap ; in other 
eases, the fibres can be permanently dyed by previously treating them with 
aluminium hydroxide. The fibre absorbs the hydroxide from aq. soln. of aluminium 
salts —the so-called red-liquor, mordant d’alumine, or Rothbeize— and the dye can unite 
with the aluminium hydroxide to form insoluble lakes so that the aluminium 
hydroxide is an intermediary agent or mordant enabling the fibre to be dyed. 
W. W. l’addon 13 regards the effect of alum on fibres to be strictly an adsorption 
phenomenon in which both sulphuric acid and alumina are involved ; and not a 
chemical union with the fibre as advocated by E. Knecbt. 

Lower hydrated forms o! alum. --The dodecahydrate of sodium aluminium sul- 
phate has been previously described in connection with soda-alum. According to 
L. Marino, u if a supersaturated soln. of potash-alum in its own weight of water at 40° 
be seeded with crystals of ammonium thallic sulphate, (NH 4 ) 2 S0 4 .T1 2 (S04)3.8H 2 0, 
crystals of the heptahydrate , K 2 S0 4 ,A1 2 (S0 4 )3.14H 2 0, are formed which readily 
pass into ordinary alum. F. T. Clove’s analysis of the sodium aluminium 
sulphate found on St. Barth (West India) corresponds with the hexahydrate , 
Na 2 S0 4 . A1 2 (S0 4 L. 12H 2 0. L. Marino reported a tetrahydraie, K 2 S0 4 .A1 2 (S0 4 ) 3 .8H 2 0, 
to be formed m needle-like crystals by holding molten potash-alum at 85°-86°, 
and as soon as crystals begin to form, by sealing the mass in a tube to prevent the 
loss of water, and holding the temp, at 95°. He also made the tetrahydraie 
(NH4)2S0 4 .A1 2 (S0 4 )3.8H 2 0 in a similar way. 

Bailie alums. —According to A. Mitscherlich, 15 when an alkali is gradually added 
to an aq. soln. of alum, the precipitate produced redissolves on stirring until a certain 
proportion of alkali has been added, any further addition produces a permanent 
precipitate. The soln. which is on the point of giving a precipitate is called in 
commerce neutral alum , and it is used in mordanting cloth for dyeing. If the soln. 
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uo heated to 40°, a precipitate is formed corresponding with potassium aluminium 
hydroxysulphate, K 2 S0 4 .A1 2 (S0 4 ) 3 .4A1(0H) 3 , or potassium hexahydroxy -dkulphata- 
trialumimte, K.A1 3 (S0 4 ) 2 (0H) 6 , or K[A1(0H) 2 ]3(S0 4 )o. 3H 2 0. This compound is 
represented in nature by the mineral alunite. A. Mitscherlich obtained it in a 
crystalline form by heating the neutral alum in a sealed tube at 230°. He also made 
a soda-alun ,ile -sodium aluminium hydroxysulphate -and an ammonia-ahm ite— 
ammonium aluminium hydroxysulphate -in a similar way. The alumen dr 
Tolpha mentioned in connection with the history of aluminium ; the Alaunstein of 
A. G. Werner ; the alun de Home of R. J. Haiiv ; the Ahumpath of A. Breitliaupt ; 
or the ahminilite of J. 0. Delamctheric, was called alunite by F. S. Reudani , and this 
term has remained. Analyses were made by L. Cordier, A. Mitscherlich, C. F. Ram- 
melsberg, M. Sauvage, F. Fridau, J. Gautier-Laoroze, etc. The idealized summary 
of the analyses is K 2 S0 4 .A1 2 (S0 4 )3.4A1(0H) 3 . The mineral occurs at Tolfa (Italy), 
Montioni (Tuscany), Muzsai and Rereghszasz (Hungary), Milo, Argentiera, and 
Nevis (Grecian Archipelago), Mont Dore (France), etc. It '* supposed to have been 
formed by the action of volcanic gases containing sulphur dioxide on felspathic 
trachytes, etc. The rhombohedral crystals belong to the trigonal system, and have 
the axial ratio a : c ~- 1 : 1*245, and a - 89° 14' ; the sp. gr. is 315 to 3 26 ; 
H. Bowley gave 2f>5 for the sp. gr., and 158 for the index of refraction ; the double 
refraction is negative. Alunite loses water at 350°, and at a dull rod heat, about 
530°, it gives off water and sulphur trioxide; after calcination in the blowpipe 
flame, water extracts potassium sulphate and leaves alumina. H. Bowley saw that, 
at 3(X) J there is no decomposition ; at 400°, 4 5 mols. of water are lost ; at 5(X)°, 
the remaining 15 mols. are expelled ; at 800°, dissociation into potassium sulphate, 
alumina, sulphur trioxide, and water is complete ; and at 960 ’, potassium aluminatc 
is formed. H. Bowley found alunite to be sparingly soluble in water. Alunite 
is not dissolved by boiling cone, hydrochloric acid ; but it is decomposed by that 
acid in a sealed tube at 200°, and if pre-ealeined, it is decomposed by that acid. 
It is soluble in boiling sulphuric acid of sp. gr. 1 - 851, but it dissolves more quickly 
in dil. acid. H. Bowley said that alunite is readily soluble in warm dil. soln. 
of hydrofluoric acid, sodium or potassium hydroxide, sodium carbonate, and hot 
cone, sulphuric acid. It is fairly readily attacked by a soln. of calcium hydroxide 
or carbonate. He also described a soda-alumie. 

A. Mitscherlich also obtained a kind of hydrated alunite, K 2 S0 4 .AI 2 (S0 4 ) 3 . 
4A1(0H) :J .3H 2 0, or K[A1(0H) 2 ] 3 (S0 4 ) 2 .1UI 2 0, by heating a soln. of potassium 
sulphate with less aluminium sulphate than is needed for the preparation of alunite. 
By the action of zinc, or of alkali hydroxides or carbonates on soln. of potash- 
alum, H. Debray, W. Crum, C. Rossler, A. Hi (fault, and L. F. Bley obtained 
precipitates which approximated in composition to the product just indicated. 
It is represented by the mineral lowigite, found in compact masses associated with 
alunite, and at Tabrze (Upper Silesia) ; it has been described by A. Mitscherlich, 
P. Berthier, 0. F. Rammelsberg, F. Romcr, C. Lowig, etc A similar basic 
ammonium salt was obtained by A. Mans, A. Riffault, and A. Mitscherlich by 
using aq. ammonia in place of potash-lye. 

The blue hair-like crystals from Moldawa (Rumania), analyzed by J. Percy , 16 
and by F. A. Genth, correspond with 2AI 2 0 3 .9Cu0.3S0 3 .21H 2 0, or with A1 2 0 3 . 
4Cu0.S0 3 .8IL0. It was called lettmnite — after W. G. Lettsom ; E. F. Glocker 
called it cyanotrichite -Kvavo 9 , blue ; Opl$, hair ; and it lias also been called 
velvet copper ore , or cuivre vebutb. The mineral ivoodwardite from Cornwall was 
analyzed by A. H. Church, R. Warrington, and F. Pisani, and it corresponds with 
11 CU 0 . 9 - 6 A 1203 . 9 S 03 . 23 H 20 . There is nothing to show the chemical nature of 
these products, and whether or not they represent copper sulphaio-aluminaies. 

G. Arth 17 obtained fine acicular crystals on allowing a soln. of barium aluminate 
and calcium sulphate to stand for 24 hrs. The analysis corresponded with 
CaO : A1 2 0 8 : S0 4 =5‘76 : 1 : 2*67— say 6 : 1:3 with nH 2 0. 0. Rebuffat indicated 
the formation of calcium sidpkato-aluminate , llCa 0 , 2 Al 2 03 . 5 S 03 , 52 H 2 0 , by the 
vol. v. 2 a 
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action of calcium sulphate and hydroxide on calcium aluminate. He also discussed 
the action of sea- water on this product and its bearing on Portland cement. 
A. A. Klein and A. J. Phillips have also discussed the calcium sulphato-aluminatcs ; 
hut they are not well enough defined to be recognized as chemical individuals. For 
3Ca0.3CaS0 4 .Al 2 0 3 .30H 2 0, vide calcium aluminate. 

There are a number of double sulphates of the type MS0 4 .A1 2 (S0 4 )3.24H 2 0, in 
which M may bo Mg, Zn, Fe", or Mil. They are called pseudo-alums, and they are 
not isomorphous with ordinary alums. Very little is known about the pseudo- 
alums, and it is even doubtful if they have 24H 2 0. The so-called magnesia-alum 
is represented by the mineral picker ingite — named after J. Pickering— found in 
aoicular crystals, fibrous masses, or efflorescences on shales near Iquique (Peru), 
Nova Scotia, Island of Negros, etc. It is probably formed by the action 
on the shale of decomposing pyrites. Analyses were made by H. Schulze, 18 

D. L. Brackenbusch, E. Goldsmith, etc. R. J. Kane assigned to it the 
formula MgS0 4 .Al 2 (S0 4 ) 3 .24H 2 0, but, according to A. Hayes, and H. How, the 
analyses correspond with magnesium aluminium sulphate, MgS0 4 . A1 2 (S0 4 ) 3 .22H 2 0, 
or magnesium tetrasulphato-aluminate, MgAl 2 (S0 4 ) 4 .22H 2 0. 

Part of tho magnesium in magnesia-alum may bo replaced by manganese to form what 

E, F. (Hooker called apjohn >te. J. Apjolm called it manganese-alum. Analyses were made 
by F. Strorneyer, J. Apjolm, J. L. Smith, (I. A. Kenngott, L. I), (tale, oto. A variety 
from Alcaparossa, Chili, containing some soda-alum was called alhvcnitc— after fi. Striven- • 
by L. Darapsky ; and a related varioty from Cerros Pintados, Chili, was called scsqni- 
magnesia alum, 1 jMgtt0 4 .Al 2 (S0 4 ) 3 .261H 2 0, by L. Darapsky. A variety from Sonoma Co., 
California, was culled sonomaite — by E. Goldsmith. The composition approximated to 
3MgS0 4 .Al 2 (S() 4 ) 3 33H 2 0. C. Doelter described a variety from S. Antao, one of the Capo 
Yordo Islands, which ho called dumreichenlc— after A. von Dunirciehor, Its composition 
was 4MgS() v Al 2 (K0 4 ) 3 .3GH 2 0. L. Darapsky obtained a varioty with the composition 
6MgS() 4 .Al 2 (S0 4 ) 3 .54H,0, from Pain pa do Aroma, Chili, and he called it aromitc. A similar 
mineral was obtained from Copiapo, Chili. G. Roster found a mineral which he named 
picroallumogenc , and hence also picroallumogin , and picrallumimte, at Vignoria, Island of 
Elba. Tho analysis corresponds with 2MgS6 4 .Al 2 (S0,) 3 .28H 4 0. Other analyses ogreo with 
3MgN0,.Al,(S0,) 3 .33H,0. 

U. Klftuor obtained a product with the composition 3MgS0 4 .Al 2 (S() 4 )j.36H 2 () 
by allowing a soln. of magnesium and aluminium sulphates in dil. sulphuric acid to 
evaporate spontaneously. R. J. Kane reported the formation of a zinc-alum, zinc 
aluminium sulphate, ZnS0 4 .Al 2 (S0 4 ) 3 .24H 2 0, by crystallization from a soln. of the 
components. E. Bertrand and A. Damour found hexagonal plates of a basic 
zinc aluminium sulphate, 12Al(0H) 3 .Al 2 (S0 4 ) 3 .2{6Zn(0H) 2 .ZnS0 4 ].12H 2 0, or 
Al 6 Zn fl S 2 0 21 .18H 2 (), in the zinc mines of Laurium, Greece ; they named the mineral 
zincaluminite . The sp. gr. was 2*26, and the hardness 2‘5-5 , 3. 
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§ 21. Aluminium Carbonates 

According to F. Scheermesser, 1 freshly prepared aluminium hydroxide dried in air 
absorbs carbon dioxide, for when the product heated to 140°, 986-1480 vols. ofthisgas 
are dislodged. 1\ K. Jourdain assumed that the carbon dioxide which he obtained by 
heating in vacuo the product of the; oxidation of aluminium amalgam in air, showed 
that some aluminium carbonate is formed. N. T. de Saussure stated that aluminium 
hydroxide is partially soluble in an aq. soln. of carbonic acid, and is reprecipitated 
on warming the soln. or exposing it to air. An contraire , U. Langlois found that if 
freshly precipitated aluminium hydroxide be suspended in water, it does not dis- 
solve during the passage of carbon dioxide, but gas is absorbed by the solid. 

Jn 1801, N. T. de Saussure stated that when an alkali carbonate is added to a 
soln. of an aluminium sail, the precipitate is not, as might be anticipated, aluminium 
carbonate, Al a ((X) a ) a , but rather a compound of alumina with a small quantity of 
the alkali carbonate. J. Davy observed no difference in the effect of water, and of 
water sat. with carbon dioxide under press., upon alumina. J. J. Berzelius noted 
that the aluminium hydroxide precipitated by potassium carbonate cannot be washed 
free from the latter salt, and he doubted the existence of an aluminium carbonate. 
The offer vcscence with acid is attributed to presence of alkali carbonate. H. Rose 
found that the carbon dioxide in the precipitated carbonate corresponded with the 
adsorbed alkali. P. N. Kaikow found freshly precipitated aluminium hydroxide 
does not absorb carbon dioxide, and this agrees with the measurements of the press, 
of carbon dioxide over aluminium hydroxide. G. Magnus pointed out that if a soln. 
of aluminium hydroxide in a hot soln. of potassium carbonate be cooled some 
aluminium hydroxide is precipitated and some is retaiued in soln., and can be 
precipitated by hydrochloric acid or by ammonium carbonate. L. F. Bley stated 
that either a basic carbonate or a basic double carbonate is formed when an excess 
of alkali carbonate acts on a soln. of alum or of aluminium sulphate. In many cases, 
the precipitate contains a carbonate although it is quite free from alkali carbonate. 

( ’. Langlois said with respect to the precipitate obtained by adding an alkali carbonate 
to an aluminium salt : 

It is generally beliovod that this precipitate is nothing hut alumina, still retaining a 
little alkali carhonalo to which is due the effervescence with acids. ... By washing the 
precipitate with asullieient quantity of water, it can be obtained entirely free from alkaline 
salt, and it then continues to effervesce, which proves that a part of tho alumina remains 
combined with carbonic acid. A very basic compound of carbonic acid and aluminium 
hydroxide is unquestionably produced. This compound is destroyed at a temp, which 
does not exceed 100°. 

.1, Barratt said that when an aluminium salt is precipitated by an alkaline carbonate, 
nottlumimum carbonate is formed; but. several moreorlessindcfinite,basicaluminium 
carbonates have been described by A. Gawalowsky, T. Parkman, J. S. Muspratt 
and J. Dunson, K. Phillips, V. Ur bain and M. Renoul, K. Seubert and M. Klten, 
W. C. Day, etc.- as precipitates when an alkali or ammonium carbonate is added to 
a soln. of an aluminium salt. The analyses are so discordant, that the products 
obtained vary in composition witli the basicity of the acid contained in the aluminium 
salt, with the conditions under which the precipitate is formed ; and with the amount 
of washing to which the precipitate has been subjected. The products represent 
different stages in the hydrolysis of aluminium carbonate,. and are mixtures of the 
undecomposed aluminium carbonate or of a basic carbonate and the hydroxide. 
E. Schlumberger obtained what he regarded as { AyOH^COa-HoO, by the action 
of a large excess of sodium carbouate on aluminium salts of the monobasic acids, 
or of carbon dioxide on cold soln. of alkali aluminates. 

L. F. Bley showed that the precipitate obtained by adding ammonium carbonate 
to a soln. of potash-alum often contains ammonia ; H. Rose regarded it as 
(NH^O.Al^Oa.^COoAH^O ; and M. Barth said that the precipitate obtained by 
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adding a soln. of aluminium chloride to an excess of a cold soln. of ammonium 
carbonate is a mixture of a double ammonium aluminium carbonate with either 
aluminium hydroxide or carbonate. According to C. Lowig, when a soln. of an alkali 
aluniinate is treated with alkali hydrocarbonate or free carbon dioxide, aluminium 
hydroxide and alkali carbonate are formed ; but by allowing the soln. of alkali 
aluniinate to flow into a soln. of alkali hydrocarbonate, with the simultaneous 
introduction of carbon dioxide, a potassium aluminium carbonate is formed with 
the composition KoO.AloO.^CO^.bHoO w T hen dried at 80°. If the use of carbon 
dioxide be omitted, the precipitate is a hard horny mass. A. Ditto reported tin' 
basic double carbonate, 3K.>0.2A1 2 0 3 .5C02, to be formed when a soln. of potassium 
carbonate is added to one of potassium aluniinate until the precipitate persists 
when the soln. is agitated. (’. Lowig made sodium aluminium carbonate, 
Na2O.Al2O3.2UO2.MH2O, by a process similar to that which he employed for 
the potassium salt. L. F. Bley obtained a basic double carbonate, 
2Na.>0.AL() 3 .3U0.,.23H ; 20, by adding an excess of sodium sesquioarbonate to a 
boiling soln. of alum. W. C. Day also prepared this salt. The rare mineral 
dawsonite , analyzed by B. J. Harrington, (1. Friedel, and M. Chaper, has a composition 
corresponding with NaAl(0H).>(X) 3 , mixed with some impurities, chiefly caloite. 
The monoclinic crystals were examined by A. des Uloizeaux ; their sp. gr. is 2*40. 

According to J. H. and G. Gladstone, the hydrated aluminosilicate, colly rite , 
found at Hove (Sussex), is associated with a mineral called honte containing calcium 
carbonate with a sufficient excess of carbon dioxide to convert all the lime into 
hydrocarbonate, Ua(HU0 3 ).i, but this hypothesis is considered to be unsatisfactory 
m view of the known solubility of calcium hydrocarbonate and its instability in the 
solid state ; it is therefore suggested that the excess of carbon dioxide is either 
combined as a hydrated calcium aluminium carbonate, or it replaces purt of the 
silica in collyrite. W. U. Day believes hovite to be a basic calcium aluminium 
carbonate. 0. Lowig prepared a basic magnesium aluminium carbonate, 
2Al(0H)3.MgC0 3 , by slowly adding a soln. of magnesium hydroearbonate to a soln. 
of an alkali aluniinate, or conversely. M. Urespi and E. Moles made complexes 
with the camphor group. 
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§ 22 . The Aluminium Nitrates 

C. F. Wenzel 1 attempted to neutralize alumina with nitric acid, and concluded 
that “ the ratio of alumina to the most cone, nitric acid is nearly as 349 : 240,” 
showing that he had only partially saturated the base. Aluminium hydroxide or 
the metal dissolves in nitric acid and, as shown by W. F. Salm-Horstmar, 
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J. M. Ordway, T. B. Stillmann, etc., the acid soln. furnishes crystals of the ennea- 
hydrale of aluminium nitrate, A1(N0 3 ) 3 .9H 2 0, in rhombic prisms or plates. If the 
soln. be evaporated, and not kept strongly acid, a tenacious gum-like mass is pro- 
duced instead of crystals. J. J. Hood made a soln. of the normal nitrate by double 
decomposition between aluminium sulphate and potassium, ammonium, calcium, 
or barium nitrate. According to K. Seli^man and P. Williams, when aluminium 
is left in contact with nitric acid of sp. gr. 142, at 20°, the metal slowly dissolves, 
and I he acid becomes saturated with aluminium nitrate, which deposits in large 
crytitnlH until the aluminium has all dissolved, or the acid has been exhausted. 
In all soln. with acid of 112 sp. gr., except those with carbamide, an unstable hexa- 
hy finite, A 1(1X0.,)}. fill./), is first formed. The hexahydrate is alone stable in nitric 
acid of sp. gr. l b, and in nitric acid of sp gr. H2 it is soon transformed into the 
enneahydrate. It was shown qualitatively that the hexahydrate is more soluble 

than tin; enneahydrate. M. Z. Jovit- 
schitsch prepared crystals of the hemi- 
pen I (ulccu hydrate, A1(N0 3 ) 3 .7|H 2 0, by 
the action of cone, nitric acid on 
calcined alumina ; and R. Seligman 
showed that either this hydrate or an 
octohydrale , A1(N0 3 ) 3 .8H 2 0, is the 
stable form in an acid of sp. gr. P46. 
A. Ditto also reported the formation 
of a dilujdrate , A1(N0 3 ) 3 .21L0. In 
his study of the ternary system, 
HNO3- A1(N0 3 ) 3 - H.>0, at 25°, K. Ina- 
mura found only three stable hydrates. 
The enneahydrate , A1(N0 3 ) 3 .9H 2 0, is 
stable in 73 per cent, nitric acid of 
sp. gr. 1*435, or more dil. acids; the 
octohydrale , A1(N0 3 ) 3 .8}I 2 0, is stable 
in 73-81 per cent, nitric acid of sp. gr. 
I'lldb 11163; and the hexahydrate , A1(N0 3 ) 3 .6H 2 0, is stable in nitric acid more 
cone, than 81 per cent. IIN0 3 . The results are plotted in Fig. 68 ; a selection of 
the percentage numbers is as follows : 



• • 39*04 312 1 25*32 1757 505 1*25 0-24 0*21 

1 N() .i • 0-15 015 17 15 28-05 47*08 72-00 80*58 88-80 

H .*° • • MNl 50-01 57-53 53 78 47-87 20*01) 19-18 1093 

Sn|ltl \i(No.p^m,o "" 'Th?T 

Accoiding to A. S Eakle, the enneahydrate deposited from soln. containing 
periodate, appears in thin plates belonging to the rhombic system with axial ratios 
a : 0 : c 0*8925 : 1 : 1 0202 ; while some prismatic crystals examined by C. Soret, and 
belonging to the mouoelinic system, had the axial ratios a : h : c-l*13398 : 1 : 1*91913, 
and p 131 36 aeeording to N. I. Surgunoff, these monoclinio crystals are iso- 
morphous with the eorresponding ferric salt. P. W. Bridgman examined aluminium 
nitrate up to 12, (XX) kgrms. press., and at 20°, 100°, and 200°, but observed no 
allotropic changes. The salt decomposed into a brownish mass. K. Jauch found 
the sp. lit. of soln. with N eq. of aluminium nitrate per litre to be: 

y • * * °‘ r> 1*0 2-0 30 4*0 5-0 

s P* ht * • • 9*9563 0-9127 0-8546 0 8008 0*7504 0-7140 

According to J. M. Ordway, after the enneahydrate has been heated 36 hrs. on a 
water-bath, there remains the eq. of A1(N0 3 ) 3 .1JH 2 0. A. Ditte found that if the 
crystals are heated until red vapours begin to be evolved, and the residue be dis- 
solved in monohydrated nitric acid, white needle-like crystals of hydrated aluminium 
nitrate appear. According to T. Schlosing, the crystals melt at 73°, and form a 
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colourless liquid which becomes crystalline when cooled; at 140°, aluminium 
hydroxide is produced, A1(0H) 3 .1|H 2 0 ; and at 200°~250°, said H. St. C. Deville, 
granular alumina remains. A method of separating alumina from lime and magnesia 
has been based on the fact that the nitrates of the two last-named bases resist 
temp, at which aluminium nitrate is decomposed. According to J. M. Ordway, 
a mixture of equal parts of crystals of aluminium nitrate and ammonium hydro- 
carbonate acts as a freezing mixture, lowering the temp, from +10*5° to — 23‘3°. 
J. R. Collins measured the ultra-red spectrum of aq. soln. of the nitrate. H. C. Jones 
and F. H. (letman measured the electrical conductivity and f.p. of the soln. Accord- 
ing to H. C. Jones, the mol. electrical conductivity, p, of soln. with a mol of the 
nitrate 1 , in v litres, at 0°, is : 

v ... 4 8 32 128 512 1024 4000 

/ittttO 0 . 102-82 115*07 120*32 150*18 100*97 173*45 187*89 

H at 65° . 338 0 393*0 487*3 583*9 085*9 750*5 908*2 

A. Heydweiller gave the sp. gr. and electrical conductivity of soln. of aluminium 
nitrate. The percentage degrees of ionization, a, calculated from these data arc : 


V 

4 

8 

32 

128 

512 

1024 

4096 

a at 0° 

. 54*7 

61*6 

72-5 

831 

88*9 

92*3 

100*0 

a at 65° 

. 37*3 

43*4 

53*6 

64*3 

75*5 

82*6 

100*0 


These 1 results arc based on the assumption that no hydrolysis occurs. J. Walker 
and E. Aston computed that a JN-soln. at 8() u is hydrolyzed to the extent of 0*7 
per cent. H. (\ Jones also computed the temp, coefl. of the electrical conductivity 
of the soln. 

The crystals are deliquescent in moist air. The, salt dissolves readily in water 
and nitric acid. L. II. Milligan found the solubility of the ennoahydrate in nitric 
acid of different cone, and temp. Representing cone, in per cent, by weight, 
and sp. gr. at 6°/20° : 

0*4°-0 5° iy*8°- 20' 1 40’ 00° 

HN() 3 . . 19*75 5(M$5 15-45 7P35 11*95 64*50 4*93 32*65 

AKNOds • • 19*65 1*50 27*10 0*74 34*6 4*15 44*30 29*10 

Sp. gr. . . 1*311 1*335 1*350 1*415 1*399 1*400 1*459 1*461 

The salt is readily soluble in alcohol. W. Eidmann also found the nitrate to be 
soluble in acetone. The aq. soln. has an acid taste, and reddens blue litmus. 

According to J. J. Berzelius, aq. ammonia precipitates a gelatinous basic nitrate 

from the aq. soln. C. F. Hollunder stated that the aq. soln. deposits flakes of 
aluminium hydroxide slowly in the cold, rapidly when heated. According to 
L. Liechti and W. Suida, aluminium nitrate, A1 2 (N0 3 ) 6 , is obtained from the normal 
aluminium sulphate and lead nitrate, and gives the following compounds 
when treated with sodium hydrocarbonate : A1 2 (N0 3 ) 5 0H, A1 2 (N0 3 ) 4 (0H).>, 

A1 2 (N0 3 ) 3 (0H) 3 , and A1 2 (N0 3 ) 2 (0II) 4 . By continuing tiie addition of alkali, a 
gelatinous precipitate was obtained. E. Bchlumberger prepared what he regarded 
as nitrate of the base : 

(HO) 1 A! 2 <o>Al ! <y>AI ! (OH) 1 

by dissolution in cold dil. nitric acid. When the soln. is evaporated to dryness, it 
gives a coagulum, Al 6 O ]4 H 10 .HNO 3 . N. M. Laporte prepared potassium aluminium 
nitrate, A1(N0 3 ) 3 .3KN0 3 .10H 2 0, by crystallization from mixed soln. of the com- 
ponent salts. 
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§ 23. The Aluminium Phosphates 

Aluminium forms a number of phosphates. There is the orthophosphate, A1P0 4 ; 
the primary and secondary orthophosphates, A1(H 2 P0 4 ) 3 , and A1 2 (HP0 4 ) 3 , as well 
as some mixed combinations ; there is also the pyrophosphate, A1 4 (P 2 0 7 ) 3 , and the 
acid pyrophosphate, A1 2 H 6 (P 2 0 7 ) 3 ; as well as the metaphosphate , A1(P0 3 ) 3 . in 
addition there are a number of normal phosphates which occur native. 

A. Biritlmupt 1 named an applo-gieoii mineral, which ho obtained from Messbach, 
Voigtland, and imperfectly analyzed, vanscitc- from Variseia, an old name for Voigtland. 
The analyses of the variscito by T. Petersen, A. N. Chester, It. L. Packard, A. Lacroix, 
W. 3'. Sohaller, and It. Helmhacker- correspond with A1P0 4 .2H 2 0, mixed, may be, with 
some impurities. The mineral kallais of A. Dainour, and A. Lacroix corresponds with 
A1P0 4 .2 JH b 0, and is regarded as identical with the colloidal gel-form of variscito. Accord- 
ing to the analyses of C. U. Shepard, J. H. Teall, and A. Carnot, redondita from the Island 
of Redondo, Antilles, etc., agrees roughly with variseite in composition, allowing for somo 
of the alumina being replaced by ferric oxide. C. W. Blornstrand’s analysis of berlinitr , 
iroiri West ana, Sweden, corresponds with AlPCL.JIIjO. E. Borioky’s analysis of zephuru- 
vivhite. from Tronic, Bohemia, coi responds with A1P0 4 .3H 2 0. F. Slavik gavo 155 for 
the refractive index of /.epharovichito. It. Hermann, A. Kenngott, and F. A. Genth 
analyzed a phosphate— named richvwndUc — associated with the gibbsito of Richmond, 
Mass., to which the formula A1P() 4 .4H 2 0 has been assigned. O. Crosspietsch described a 
white colloidal form of aluminium phosphate from Jakubony, Bukowina. 

'I ho aluminium phosphates have probably boon formed in nature by the diroct action 
of phosphate: soln. on igneous rocks, or on limestones containing clays. Tho phosphates 
were probably leachings irom beds of guano. If. Leitmeier and II. Hollwig agitated soln. 
of ammonium phosphate for several months with kaolin, felspar, etc., and obtained products 
similar to many of those found in nature. A. Gautier regards an earthy mineral which ho 
named minirmte, because it was obtained from Minerva grotto, Hcrault, as an impure 
hoiuihoptahydratod aluminium orthophosphate, A1P0 4 .3AH 2 0. Analyses by A. Carnot, 
and A. Lacroix make mmervite appear to be a complex alkali aluminium phosphate. 
A. Gautier claimed also to havo found crystals of minorvito in tho earthy mass. 

A. de Sehulten obtained well-defined crystals of aluminium orthophosphate, 
A1P() 4 , by heating in a sealed tube at 250° for several hours, a cone. soln. of sodium 
alunmiate acidified with phosphoric acid. The presence of sodium phosphate 
seems to be necessary for the production of good crystals because if a mixture of 
phosphoric acid and aluminium hydroxide or chloride be heated under similar 
conditions, a fine crystalline powder is obtained. E. Erlenmeyer obtained a mono- 
hydrate AIP0 4 .H 2 0,by boiling in a flask fitted with a reflux condenser, aluminium 
dihydrophosphate with 20 times its weight of water for 4 hrs. and filtering the 
soln. hot. A. Gautier synthesized minervito by the action of a soln. of 3 mols of 
ammonium hydrophosphate on a mol of gelatinous aluminium hydroxide at 30° ; 
washing tho product with cold water ; dissolving it in hydrochloric acid ; and 
precipitating by the addition of sodium acetate. 

According to C. F. Rainmelsberg, the orthophosphate is obtained as a gelatinous 
precipitate by adding a soln. of sodium hydrophosphate to one of alum and washing 
until the runnings are free from sulphates. M. Millot precipitated aluminium 
phosphate from a soln. of aluminium phosphate in an acid, by the addition of aq. 
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ammonia. N. R. Dhar and co-workera found lime is readily adsorbed by the 
precipitated phosphate. 

H. Ludwig said that the precipitated orthophosphate does not have the com- 
position represented by the formula A1P0 4 with AU) 3 : P 2 0 6 in the ratio 1 : 1 . 
P. Schweitzer made a similar claim, although the analyses of F. ltammelsberg, 
(L C. Wittstein, and M. Millot correspond with the 1:1 ratio. According to 
F. K. Cameron and L. A. Hurst, aluminium phosphate prepared by adding a soln. 
of sodium phosphate to one of aluminium phosphate, and washing the product 
alternately with hot and cold water until free from sulphates, contained 77*42 per 
cent. P0 4 and 21*49 per cent. Al— theory for AlP 0 4 is 77*80 per cent. P 0 4 and 
22*20 per cent. Al. A phosphate was prepared by using ammonium phosphate 
as precipitant, and partly neutralizing the acid-liquid with ammonium carbonate ; 
the washed product was heated over a blast-lamp. It contained 81*33 per cent. 
P 0 4 , and 21*16 percent. Al. Another phosphate made by precipitation with sodium 
phosphate from a soln. of aluminium sulphate in the presence of sodium acetate, 
contained 48*70 per cent. P0 4 and 10*82 per cent. Al. 11. Ludwig also noted that 
the precipitation of aluminium phosphate from its soln. in hydrochloric acid, by 
the addition of sodium acetate, is highly basic. M. Millot said that the proportion 
of water in AIPO 4 : H.»() 1 : 1 ; CJ. (\ Wittstein, 1:4; and ('. F. Rummelsberg, 
1 : 1*5 if air-dried, and 1 : 3 or 4 if dried over sulphuric acid. W. ,1. Sell prepared 
colloidal aluminium orthophosphate sol by mixing a 5 per cent. soln. of A U -l a 
with an equal vol. of a 10 per cent. soln. of (NIl^llPOj, and adding aq. ammonia 
until the soln. smells feebly ammoniaeal. The crystalloids arc removed by dialysis. 
The soln. is neutral, and tasteless; and it can be flocculated by adding different, 
salts. (\ Klsclmer described the colloidal phosphate he found on Washington 
Island, South Seas, showing Liesegang’s rings, and supposed to have been formed 
by the decomposition of lava by guano constituents. 11. Leitmeier and 11. Hcllwig 
studied the formation of phosphates by the prolonged action of ammonium 
phosphate soln. on aluminophosphates. 

According to W. T. Schuller, the crystals of variscite belong to the rhombic 
system and have the axial ratios a : b : c~ 0*8952 : 1 : 1*0937. The salt prepared 
by A. de Schulten was in the form of hexagonal prisms of sp. gr. 2*59. The sp. gr. 
of crystalline variscite is 2*51, and of gel variscite 2*135 ; that, of berlinite, 2*64 ; 
that of zepharovichito, 2*384 or 2*37 after subtracting 5 per cent, of free quartz ; 
and that of richmondito, 2*20-2*38. The hardness of crystalline variscite is 4, 
I hat of gel variscite about 2 ; that of berlinite, the same as quartz ; and that of 
zepharovichito, 5*5. The crystals do not lose weight at a bright red heat, and do 
not melt at a white heat. A. Gautier found a sample, of minervite which lost 13*40 
per cent, of water at 100° ; or 23*95 per cent, at 180' ; and all the water, i.c. 28*30 
per cent., at a red heat. W. T. Schuller found that pale-green crystalline variscite 
lost 5*09 per cent, of water at 1 10° in one day, and 12*48 per cent, in 3 days ; it 
lost 19*81 per cent, at 140° ; and 22*50 per cent, at 163°. R. Helmhacker found 
that gel variscite over cone, sulphuric acid, lost 16*11 per cent, of water at 100 ° ; 
19*64 per cent, at 110°; 23*22 per cent, at 130°; and 26*50 per cent, at 160°. 
Variscite has the indices of refraction a— 1*447, j3~- 1*448, y- 1*450; the double 
refraction y— a —0*003 is quite small. The mineral is pleochroic. W. T. Schaller 
found a green-coloured dimorphous variety of variscite which he named ludnite. 
The rhombic crystals have the axial ratios, 0*8729 : 1 : 0*9788 ; sp. gr., 2*566 ; 
hardness, 5 ; refractive indices, a~l*546, j3 -1*556, y~l*578 ; the birefringence, 
y— a=0*03, is high ; and it is not pleochroic. W. W. Coblentz found that in the 
ultra-red transmission spectrum of variscite the water absorption bands at l*5ft, 2/x, 
and 4*75 p, are almost obliterated, and those at 3/x and 6 /z are shifted, being probably 
composites. No marked evidence of a band peculiar to the P 0 4 -radiclc was obtained. 
In the ultra-red reflection spectrum there are maxima at 9*25 [i and 9*7 fi. The 
latter is not w r ell defined and corresponds with a band found in apatite, but it ia 
not definitely proved to be peculiar to the P0 4 -group. 
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J. N. von Fuchs said aluminium phosphate is insoluble in water, but 
F. K. Cameron and L. A. Hurst found that 35 days’ shaking of three samples of 
aluminium phosphate resulted in the dissolution of respectively 0*241, 0*134, and 
0*081 grm. of P0 4 per litre. This shows the slow soln. of phosphoric acid, and 
that while a greater proportion passes into soln. with increasing proportions of 
water to solid, the cone, of the soln. is less. With soln. of potassium chloride 
or sulphate, and sodium nitrate, the amount of phosphoric acid passing into 
soln. is Jess, as the proportion of alkali salt increases. According to 
(1. T. Gerlach, the presence of carbon dioxide in the soln. has no effect on the 
solubility even in the presence of lime or magnesia. W. F. Sutherst said 
that the presence of calcium hydroxide increased the solubility of aluminium 
phosphate in aq. soln., but calcium carbonate has no effect whatever. A. de 
Hchulten’s crystals were insoluble in cone, nitric acid and hydrochloric acid, 
and were attacked with difficulty by cone, sulphuric acid, Variscite is insoluble in 
boiling hydrochloric acid, but if the mineral has been predicated, it is soluble in 
that acid. G. 8. Fraps found that the calcined mineral is about 10 times more 
soluble in 0'2AAnitric acid than the ordinary mineral. J. N. von Fuchs, 
0. 0. Wittstein, and H. Lbwig commented on the solubility of precipitated aluminium 
phosphate in mineral acids and its low solubility in acetic acid. According to 
F. ,1. Otto, if a soln. of aluminium phosphate in hydrochloric acid be mixed with 
tartaric acid, and then with ammonia and magnesium chloride, the alumina remains 
in soln., and the phosphoric acid is all precipitated as ammonium magnesium 
phosphate. J. N. von Fuchs found that lead acetate precipitates part of the 
phosphoric acid as lead phosphate from a nearly neutral soln. of aluminium 
phosphate ; and 11. Rose, that silver nitrate precipitates silver phosphate from an 
ammoniucal soln. of aluminium phosphate. According to G. F. Rammelsberg, by 
adding potassium sulphate to the soln. of aluminium phosphate in sulphuric acid, 
nearly all the aluminium separates as crystals of alum. According to F. Sestini, 
a litre of 2 per cent, acetic acid dissolves 0*395 grm. of precipitated aluminium 
phosphate, and a litre of 10 per cent, acetic acid, 0*300 grm. The soln. does not 
become appreciably turbid when boiled. (1. T. Oerlach found that oxalic acid and 
citric acid are about equally effective, and more so than acetic acid, in bringing 
phosphoric acid into soln., and that free aluminium hydroxide, while greatly reducing 
the action of acetic acid, does not affect oxalic and citric acids. According to 
E. A. Schneider, tlhe solubility is increased by aluminium sulphate or chloride. 
Aluminium phosphate was found by M. Millot to be more readily dissolved than 
ferric phosphate by soln. of ammonium oxalate or ammonium citrate. E. Erlenmeyer 
has measured the solubility in citrate soln. Aluminium phosphate is decomposed 
by fused sodium carbonate; and when heated with alkali sulphate, L. Grandeau 
noted that crystalline alumina, and a complex alkali aluminium phosphate are 
formed According to T. Sehlosing, aluminium phosphate is not decomposed 
when heated with carbon, but with iron and silica, some iron phosphide is 
formed. 

According to H. Ludwig, aluminium phosphate gives up very little phosphoric 
acid to aq. ammonia, and a little alumina passes into soln. L. L. de Koninek 
and A. Thiriart state that aq. ammonia dissolves aluminium phosphate only in the 
presence of an excess of alkali phosphate or arsenate, and that it is precipitated 
from the soln. by acetic acid. C. F. Rammelsberg stated that a soln. of potassium 
oarbonate abstracts only part of the phosphoric acid, but L. N. Vauquelin found 
that with a prolonged digestion all the phosphoric acid and some alumina pass into 
soln. J. N, von Fuchs found that aluminium phosphate is readily dissolved by 
a soln. of potassium hydroxide, and is precipitated unchanged from that soln. by 
ammonium chloride ; calcium hydroxide or chloride, or barium chloride precipitates 
all the phosphoric acid in the soln. as calcium or barium phosphate, while the alumina 
remains in soln, ; and a soln. of silicic acid precipitates a double aluminium potas- 
sium silicate leaving the phosphoric acid in soln. H. Ludwig found that hydrogen 
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sulphide, or ammonium sulphide, precipitates an aluminium phosphate from the 
alkaline soln. while some phosphoric acid remains in soln. According to H. Rose, 
and E. Fleischer, aluminium phosphate dissolves readily in soln. of alum, aluminium 
acetate, or other aluminium salts ; consequently, the addition of the first few drops 
of sodium phosphate to an aluminium salt soln. gives no precipitation. H. Rose 
said that the alum soln. becomes turbid when heated, and clear again on cooling, 

L. Licchti and W. Suida found that a soln. containing 2 mols of aluminium 
sulphate can dissolve a mol of aluminium phosphate. 

A. F. de Fourcroy dissolved aluminium phosphate in phosphoric acid and 
obtained a sticky mass on evaporation ; the product fused to a clear glass. 

M. Millot obtained what he regarded as hydrated aluminium hydrophosph&te, 
A1 2 (HP0 3 ) 3 .6£H 2 0, by boiling a clear mixture of six mols of ammonium dihydro- 
phosphate and two mols of aluminium sulphate in the presence of sulphuric acid 
to prevent the precipitation of aluminium hydroxide. The salt loses 3 mols. of 
water at 110°, and after calcination it is insoluble in acids. K. Krlenmeyer, and 
P. Hautefeuille and J. Margottet obtained aluminium hydrophosphate, Al(H 2 P() 4 ) 3 , 
by evaporating on a water-bath a soln. of a mol of normal aluminium phosphate in 
11 mols of phosphoric acid. The resulting white powder contains micro-crystalline 
particles. The salt is soluble in a little cold water, but when a dil. soln. (1 : 20) is 
boiled normal aluminium phosphate is -deposited. Some products are not. 
well defined— -thus, E. Erlenmoyer reported Al 4 ( !*< ) 4 )r, ; M. Millot, 
Al a (H 3 P0 4 ) 2 (HP0 4 ) a .5H 2 0; and E. Erlenmoyer," AI 3 (H 3 IM> 4 ) 4 (1IP() 4 ).2JI 3 0. 
11 de (’. Marchand obtained soft, white, or cream-coloured aluminium phosphalc of 
the composition A1 2 0; } .2P 2 0 5 ,8H./) in a deposit of bat guano at Ermelo. It is 
probably a colloidal adsorption product. 

According to G. C. Wittstein, and H. Rose, the addition of normal sodium pyro- 
phosphate to a soln. of aluminium chloride or of alum, precipitates white aluminium 
pyrophosphate, which dissolves in an excess of either constituent, of the parent 
soln., and is not re-precipitated by the addition of ammonia, or ammonium sulphide, 
and is not soluble in acetic acid. A. Schwarzenberg's analysis corresponds with 
Al 4 (P 2 0 : ) 3 .lUH 2 0, and lie found that the soln. in sulphurous acid gives a precipitate 
on boiling. Normal aluminium pyrophosphate dissolves in aq. ammonia and 
alkali-lye. P. Hautefeuille and J. Margottet obtained doubly refracting needles 
of aluminium hydropyrophosphate, Al 2 H fl (P 2 0 7 ) 3 .H 2 0, by keeping a soln. of 
alumina in phosphoric acid, at 150° -200°, for some time. 

R. Maddrell prepared aluminium metaphosphate, A1(P0 3 ) 3 , by evaporating to 
dryness a soln. of alumina in phosphoric acid, and heating the residue to 310°. 
F. Warschauer found aluminium metaphosphate crystallizes from aq. soln. in 
tetrahedra. He made the salt by gradually adding aluminium hydroxide to a soln. 
of phosphoric acid, and evaporating the soln. on a water-bath ; P. Hautefeuille. and 
J. Margottet, by melting alumina with four times its weight of metaphosphorie 
acid. The dominant form of the crystals is a combination of the cube with the 
octahedron, or triakisoctahedron. The faces are frequently curved. Aluminium 
metaphosphate crystallizes in pseudo-cubic crystals from fused metaphosphorie 
acid containing a small quantity of trisilver phosphate, but if the silver phosphate 
is present in notable proportion, birefractive crystals which act strongly on polarized 
light are obtained in addition to the metaphosphate. These crystals are formed 
exclusively by fusing 2 parts alumina with 4 6 parts metaphosphorie acid and 8 
parts silver phosphate, and the same result is obtained by fusing aluminium meta- 
phosphate with about three times its weight of silver phosphate. The double 
phosphate thus obtained has the composition 2 Al 2 0 3 .Ag 2 0 . 4 P 2 05 , and forms 
colourless perfectly transparent crystals derived from rhombic prisms. It is not 
very stable in the fused mixture, and the presence of a slight excess of metaphosphorie 
acid causes the formation of monoclinic crystals of aluminium pyrophosphate, 
Al 2 0 s, 2P2O5, free from silver. The presence of an excess of silver phosphate 
converts the original crystals of the pyrophosphate into acute octahedrons, 
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apparently derived from a raonoclinic prism, and having the composition 2AI2O3, 
3P 2 0 6 . The salt is insoluble in water and in acids K. R. Johnson found the 
sp. gr. to be 2*779. 

According to L. Liechti and W. Suida, 2 sodium phosphate, Na 2 HP0 4 , does not 
produce a precipitate when treated with an excess of aluminium sulphate. They 
found that it requires two rnols of aluminium sulphate to keep one mol of aluminium 
phosphate in soln. By treating a soln. of alum with sodium phosphate in excess, 
('. E. Munroe obtained a basic aluminium phosphate, 2Al2O3.P2O5.8H2O, or 
aluminium trihydroxyphosphate, AIP0 4 .A1(0H) 3 .2£H 2 0. G. C. Wittstein obtained 
a product with nearly the same composition by digesting normal aluminium 
phosphate with aq. ammonia for 24 hrs. J. N. von Fuchs, and M. Millot 
obtained 3AI 2 0 3 .2P 2 0 B .8-12H 2 0, or aluminium trihydroxydiphosphate, 
2AlP0 4 .Al(0H) 3 .ftH 2 0, by the action of aq. ammonia on aluminium phosphate. 
C. F. Rammelsberg also obtained a basic phosphate by the action of aq. ammonia 
on a soln. of aluminium phosphate in hydrochloric acid. These basic salts appear 
to be intermediate stages in the dephosphorization of aluminium phosphate. As 
might have been anticipated, the basic aluminium phosphates are represented in 
nature. The mineral ivavdlite was for a time confused with gibbsitc or hydrargillite 
[fj.v.). Analyses have been made by J. J. Berzelius, H. Erdmann, R. Hermann, 
K. L. Sonnenschein, A. H. Church, J. N. von Fuchs, G. Stiidelcr, F. Zambonini, 
F. A. Genth, F. Pisani, A. Gages, A. J. Moses and L. McL. Luquer, H. Gorceix, 
A. Carnot, E. F. Smith, etc. The analyses show from 17 to 3(3 per cent, 
of fluorine. C. F. Rammelsberg gives the formula 3A1.>03.2P 2 0 5 .12H.,0 ; 
A. Carnot, 2(A1 2 0 3 .P 2 0 5 ).A1 2 (0 3 , F«).13H 2 0 ; and P. Groth, (Al.bH) 3 (P0 4 ) 2 .5if 2 0, 
or pentahydrated aluminium trihydroxyphosphate. Th<» crystals are rhombic 
bipyramids, with a:h.r 0 5573 : l : O' 4084, according to G. Cesaro ; or 
(>•55725 : 1 : 0*40572, according to II. Ungemach. The sp. gr. often determined 
along with the above-named analyses range from 2-33 to 2 492; F. Slavik gave 
2*410, and hardness 3 to 4. The m.p. is high — F. Zambonini, F. Slavik, 
C. F. Plattner, and K. Cusack did not succeed in melting it ; but G. Spezia fused 
it on its edges. F. Slavik gave 1*545 for the refractive index. A. des Cloizcaux, 
A. Lacroix, and G. Cesaro measured the optical constants; the double refraction 
is positive y - a 0 0245. W. W. ( ’obleni z found the ultra-red transmission spectrum 
showed water-bands at 15^ and 2/x ; but the mineral was opaque at 3/x. The 
mineral is soluble in acids, and in alkali-lye ; and G. S. Fraps found the solubility 
is increased if the mineral has been calcined. B. Kosmann, and F. Cornu and 
A. Himmelbauer described a Ume-travdlite which is possibly a mixture of calcium 
and aluminium phosphates. 

The so-called pHemio-wivrlltte of F. Henrieh contains 13 per cent. CaO ; about 0110 per 
cent, of BaO and Si() ; and 2-3 per cent, of rare earths. The amorphous mineral vashegyite 
from Vushcgy (Hungai v \)> analyzed by K. Zimanyl, is x'epresonted by tho formula 
4Al a () 3 .3P 3 O..30U 2 t). Its sp. gr. is 1964; its hardness 2. The earthy mineral trolleUe 
was analyzed by t\ \V. Blomslrand, and represented by tho formula 4A1 2 0 3 .3P 2 0 6 .3H 2 0. 
Its sp. gr. is 3*10. and its hardness R Hermann’s plancrite found in the Urals, 

has a composition corresponding with a mixture 4(A1 6 P 4 0».9H 2 0), 3j(Cu, Fo)O.H 2 0|. 
The eryptocrystalline mineral caruleolaelite has a composition corresponding with 
3A1 2 0 3 .2 Po0 6 .10H<jO, according to tho analyses of T. Peterson, and F. A. Genth. Tho 
sp. gr. is 2 57 2 , 0u6, and tho hardness 6. H. Leitmoir considers cceruleolactito to bo a 
variety of plancrite. C. W. Rlomstrond, and G. T. Prior and L. J. Spencer analyzed 
the mmerul mnjelitc, and the latter represented it by the formula 2A1 2 0 3 .P 2 0 6 .3H 2 0, or 
A1P0 4 .A1(0H) 3 . The monoclinic crystals have tho axial ratios a : b : c=- 1*6419 : 1 : 12708 
and — 67° 33*6' ; the sp. gr. is 2 - 696 at 22° ; the hardness is 4 to 5 ; and the indices of 
refraction a®= 1*5736, f}~ 1 6759, and y = P6877. Water begins to be evolved at 360°. The 
mineral is slowly dissolved by hot cone, hydrochloric acid. The mineral peganite, according 
to the analyses of R. Hermann, and A. Breithaupt, has the composition 2Al 2 0 3 .Po0 s .6H 2 0 ; 
the crystals are rhombic bipyramids ; the sp. gr. is 2 46 ; tho hardness 30-3-5. L. F. Navarro 
and P. Castro-Barca reported a cryptocrystalline, feebly birefringent mineral occurring 
in yellowish -green crusts on the granite at Pontevedra, Spain. They called it bolivariU. 
Its sp. gr. is 2*05 ; hardness 2 ; and composition AlPOj.AlfOHJ^.HjO. It thus re- 
sembles peganite very closely. R. Hermann's analysis of fischcnte corresponds with 
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2A1 2 0 4 .P«0 s . 8H 2 0 ; the crystals are rhombic bipyramids whioh N. von Koksoh&roff found 
to have the axial ratios a : ft : 0=0 5917 : 1 : — . According to F. Cornu, and J. Krenner, 
tli© mineral also occurs in a colloidal state. E. S. Larsen showed that a colloidal form 
of fischerite agreed with planorite, and a fibrous form with vashegyite ; while E. T. Wherry 
made the Ural fischerite agreed with wavellite. F. Slavik gave L533 for the refractive 
index of the colloid. The sp. gr. is 2 46 ; the hardness 5 ; and the double refraction 
positive. V. von Zepharovich, and F. Kovai analyzed the mineral xphdrile from St. Benigna 
(Bohemia) with a composition corresponding with 5Al 2 () i ,.2P a O s .16H J (). F. Slavik gave 
1*563—1*575 for tho refractivo index ; its sp. gr. is 2-53-2-617. The analyses of the amor- 
phous mineral cransite by 1). Forbes, F. Boeke, F. Kretschmer, H. G. Smith, F. Kovai, and 
W. T. Schaller correspond with the formula 3A1 2 0 3 .P,0 5 .18H.,0, or AlP() v 2Al(OU) ? .6HjO. 
The sp. gr. ranges from 1-842 to 1-939; tho hardness is about 3 : tho index of retraction 
1-485. W. T. Schaller found tho loss of water when progressively heated to different temp, 
to be 107°, 20 00 per cent. ; 175°, 7-36 per cent. ; 255°, 3*13 per cent. ; 290°. 0-94 per coni . ; 
dark redness, 3-90 per cent. ; and beforo tho blowpipe flume, 1*61 per cent. R. Hermann 
reported an aluminium phosphate from tho mines at Gumcshevsk, Ural, with Al t 0 3 , 37 48 
per cent.; P s 0 6 , 33 94; and H 2 0, 2093 with a number of accessory constituents. He 
called it plant rite— after M. Planer. The sp. gr. was 265 ; hardness, 5 ; and birefringence, 
y — a- 0'0173. H. Leitmcier has described a crystalline and amorphous aluminium phos- 
phate, Al ft P 4 0 l9 .18H 2 0, or planorite, from Jakubeny near Bukovma. It lost 1()H 2 0 at 
100°. Its index of refraction was 1*5167 ; and it adsorbed copper oxide from an ammoni- 
aeal soln. of cupric sulphate, O. Grosspistsch gave 1-998 for the sp. gr., ami said that 
H. Leitmcier had got wrong with tho analysis, and that tho mineral is not planorite, but a 
mixture of A1(OH) I PO,.H,0, and A1 2 F(0H)P0 3 .H,0. 

L. J. Cohen * prepared ammonium aluminium dihydrophosphate, (NH 4 )H 2 P() 4 .- 
A 1 PO4 , by adding a large excess of ammonium hydropbosphate, (NH 4 ) 2 HP0 4 , to 
a strongly and soln. of aluminium chloride. Tho salt is partially hydrolyzed when 
repeatedly washed with water. J. .1 . Berzelius precipitated lithium aluminium phos- 
phate by adding a lithium salt to a sat. soln. of aluminium phosphate in potash-lye. 
C, F. Kammelsberg represented its composition 2Li 3 P() 4 .AlP0 4 .15H.>(). Lithium 
aluminium phosphate is represented in nature by the mineral (imbhjgonitc- dp/Ai's, 
blunt; yen', angle. L. Moissenet’s monlebrasdc from Mont ultras, and hehrmntv 
from Hebron (Maine) were identified with amblygonite by C. F. Kammelsberg. 
Analyses were made by II. Backlund, J. J. Berzelius, C. F. Kammelsberg, L. Moissenet, 
F. von Kobell, F. Pisani, S. L. Penfield, W. T. Schaller, H. Lasne, etc. The best 
representative formula was discussed by S. L. Penfield, C. F. Kammelsberg, and 
II. Lasne ; that most generally accepted is LiP() 4 : A1(()H, F) 3 , wherein a part of the 
lithium may be replaced by sodium or potassium The mineral usually occurs in 
earthy masses, the crystals, according to J. J). Dana, belong to the triehnie system, 
and have axial ratiosa : b : c --0*73337 : 1 : 076332, and a 108 U 51U ; -97 u 48j' ; 

and y 106° 26$'. The sp. gr. is 3 03 to 3 07 ; and the hardness fi. A. Lacroix 
and A. Michel-Levy, and A. des Cloizeaux examined the optical properties of the, 
crystals— the double refraction is negative ; the indices of refraction for Na-light 
arc a— 1*579; j3- l‘593; and y--U597. The mineral fuses readily before the, 
blowpipe flame. It is readily dissolved by sulphuric acid, but less readily by 
hydrochloric acid. 

An earthy variety called na tronantblyyonUe, analyzed by W. T. Schaller, corresponds 
with NaP0 4 .Al(OH,F) in which some sodium is replaced by lithium. Its sp. gr. is 
3-01-3*06 ; and its hardness 5-5. It readily fuses ; and it dissolves with difficulty in 
sulphuric acid. The mineral morinik Analyzed by A. Carnot and A. Lacroix has a com- 
position 3AlP0 4 .Na 2 HP0 4 .3CaF 2 .SH 2 0, or Na 2 H(P0 4 ) 3 (AlF) 3 .(CaF).,P0 4 .8H 2 0. The 
crystals are monoclinic ; the sp. gr. 2-94 ; and the hardness 41. A. Lacroix’ noumamilc 
closely resembles morinite. The ivardite of J. M. Davidson is considered to he either 
A1 2 (0 H) 3 PO|. $ H 2 <L or NaAlP0 4 .Al(0H) 3 .J.H 2 0. 

L. Ouvrard obtained thin mica-like plates of sodium aluminium phosphate, 
Na 3 P0 4 .2AlP0 4 , by cooling a sat. soln. of alumina in molten sodium pyrophosphate, 
and extracting the cold mass with water. The sp. gr. is 21 at 20°; the 
salt is soluble in nitric acid. C. N. Paid obtained microscopic prisms of the 
composition 4Na 2 0.2Al203.5P 2 05.30H 2 0, or 2Na 4 P 2 O7.Al 4 (P 2 O7) 3 .30H 2 O, sodium 
aluminium pyrophosphate, by crystallization from a soln, of aluminium pyro- 
phosphate in one of sodium pyrophosphate. J. F. Persoz also obtained what he 
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regarded as a double pyrophosphate by adding sodium pyrophosphate to a soln. 
of an aluminium salt. K. Wallroth, and L. Ouvrard obtained Na 2 0.Al 2 0 8 .2P 2 0 5 , 
or NaP0 3 .AlP0 4 , from a soln. of alumina in molten microcosmic salt. The sp. gr. 
is 27 at 20°. In L. Grandeau’s synthesis of corundum by fusing a mixture of 
aluminium phosphate and potassium sulphate, he obtained an indefinite potassium 
aluminium phosphate. L. Ouvrard dissolved alumina or aluminium phosphate 
in molten sodium ortho- or pyro-phosphate— preferably with some potassium 
chloride as well —and, on slow cooling and extraction with water, obtained lamellar 
crystals of potassium aluminium phosphate, 3K 2 0.Al20 3 .3P 2 05. The crystals are 
probably monoclinic, and the sp. gr. 2*3 at 20°. He also obtained monoclinic 
prisms of potassium aluminium pyrophosphate, K2O.AI2O3.2P2O5, by slowly cooling 
a soln. of alumina in molten potassium metaphosphate, and extracting the mass 
with water. The sp. gr. is 2 8 at 20° ; the crystals are insoluble in acids. 

The copper aluminium phosphates are represented in nature by henwoodite , and 
turquoise. The former, found by J. H. Collins 4 i n Cornwall, has the composition 
CuO^AljjOg.PoOg.lOHoO ; sp. gr. 2*67 ; and hardness, 4-4*5. The turquoise has 
been used as an ornament from remote antiquity ; and excavations in Egypt show 
that it was employed in that country prior to the first dynasty— over 55(X) b.o., 
according to AY. M. F. Petrie— a time into which history does not penetrate. The 
name, turquoise is French in form and means Turkish, since the gem came into 
Europe vid Turkey. Theophrastus in his IUpl Aitfwv (c. 315 b.c.) mentions a copper- 
stained fossil ivory, which no doubt refers to what is now known as bone turquoise , 
or odontohte— o<W?, tooth. Pliny in his Ilistoria naturalis (c. 77 a.d.) refers to the 
callais which is generally regarded as greenish-blue turquoise, also to eallaim, 
which may have been a greenish turquoise, and to callaiea , which is regarded as 
nothing but eallaim. There is, however, some doubt about the modern equivalents 
of Pliny’s terms. There are numerous references to the turquoise by subsequent 
writers ejj. J. ]). Mylius, G. Agricola, A. B. do Boot, T. Nicols, etc. Up to the 
beginning of the nineteenth century, odontolite was confused with the turquoise. 
The early analyses by J. F. John, B. Lagrange, and G. de W. Fischer showed that 
the two are essentially different. Analyses by R. Hermann, A. H. Church, A. Carnot 
A. Frunze), P. Zellner, P. D. Nikolajeff, 8. L. Penfield, F. W. Clarke, T. Petersen, 
G. T. Moore, W. T. Schaller, J. M. Curran, F. A. Genth, W. P. Blake, etc ranee 
from : ’ 6 

,u0 AI A Fc 8 o s p a o 8 H a O 

2 02 0-00 31*0 50*75 0*21-7*8 13*93-34*80 11*80-21*0 per cent. 

with FeO, 0*91-5*32 ; CaO, 013 -7 93 ; MgO, 0- 0*15; MnO, (M)*68 ; Si0 2> 0-12*57 
per cent. The analyses show a fairly wide range in composition due partly to faulty 
methods, and partly to the variations which are common to minerals in an 
amorphous state. There has been some discussion as to the constitution of the 
mineral. F. W. Clarke regards the mineral as a variable mixture of the two salts 
2Al2Og.P2O5.5H2O and 2CuO.P2O5.4H2O— or the formula becomes A1 2 HP0 4 (0H) 4 , 
coloured with the cupric phosphate. P. Groth writes the formula of an idealized 
turquoise, P0 4 Al 2 (0H) 3 .Hn0, or P0 4 II{ Al(OH) 2 } 2 in which part of the Al 2 may 
be replaced by U 3 , Fe 3 or Ca 3 . A. Carnot gave (Al 2 , Cu 3 , Fe 3 )0 3 .P 2 0 6 .Al 2 0 3 .5H 2 0. 
o. L. rentield believed that the iron and copper are essential constituents of turquoise, 
and not impurities ; and since the water is not expelled at a low temp., he assumed 
that the hydrogen is present as hydroxyl-groups and not as water of crystallization. 
He said that turquoise can bo regarded as a derivative of orthophosphoric acid, 
HgP0 4 , in which the hydrogen atoms are replaced by the univalent radicles 
{Al(0H)j} , {Fe(OH) 2 }', and {Cu(OH)[' in no fixed ratios, although the AI(OH)/ 
radicle always predominates. This gives {A1(0H) 2 , Fe(OH) 2 , Cu(OH), H) 8 P() 4 
for the formula of idealized turquoise. W. T. Schaller derives the formula of tri- 
clinic turquoise from CuO.3Al2O3.2P2O5.9H2O, isomorphous with chalcosiderite, 
CuO.3Fe2Og.2P2O3.9H2O ; and in conformity with S. L. Penfield’s arguments, he 
writes the formula CuOH. J AlfOH^JflHg^O^. His analyses show that the radicles 
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A1(0H) 2 , Cu(OH), and H are predent in the proportions 6:1:5. According to 
M. Bauer, and N. Heaton, imitations of the turquoise are made by subjecting to 
hydraulic press, for a long period, freshly precipitated and moist mixtures of pre- 
cipitated aluminium phosphate and copper phosphate. The synthetic turquoise 
is very difficult to distinguish from the mineral. 

The colour of turquoise ranges from a fine sky blue to an unsightly green ; the 
most approved tinfcfor the gem-stone is the so-called sky-blue or robin’s egg blue. 
Comparatively few stones are free from the green tinge and the value usually 
lessens as the green tinge predominates. In some cases, there are inclusions of 
foreign matter — limonite, quartz, vein matter, etc —and if an appreciable amount 
is present, the material is called turquoise matrix. The colour of turquoise is due 
to copper, tinted more or less with iron. H. BUcking said the colour is due to copper 
phosphates ; G. T. Moore, to a copper aluminate ; and F. W. Clarke, to a hydrated 
copper phosphate. S. L. Penfield, and W. T. Schaller have shown that the colour 
is more probably due to the presence of copper as an integral part of the molecule. 
The colours of some samples of turquoise fade soon after the mineral has been mined ; 
other samples retain a good colour for an indefinitely long period. The cause of 
the alteration in colour is not known, although it has been attributed to a spontaneous 
dehydration of the molecule. W. T. Schaller noticed that crystallized turquoise 
retained its colour up to 2(K)° ; while H. Bucking noted a change in colour at the. 
temp, of molten Canada balsam as used in the preparation of microscopic slides. 
Turquoise occurs massive; a crystalline specimen was identified in 1911. 
W. T. Schaller found that the crystals belong to the triclinic system with axial 
ratios a:b: c— 0*7910 : 1 : 06051, and a - 92° 58' ; £---=93° 30' and y 107° 41'. 
The crystals are transparent and plcochroie. Microscopic studies have been made 
by G. de W. Fischer, Hi. Bucking, W. T. Schaller, B. Silliman, G. T. Moore and 

V. von Zepharovich, F. W. Clarke and J. 8. Diller, S. L. Penfield, D. W. Johnson, 
etc. In general, a thin slice of the mineral under the microscope appears as a con- 
fused mass of irregular grains with a high index of refraction. In some cases, 
there is a fibrous texture. The sp. gr. of turquoise usually ranges from 2 60 2*88, 
although A. Frenzel found a sample having a sp. gr, 2*39 ; and W. P. Blake, one of 
2*426. Turquoise is soft in comparison with other gem-stones ; its hardness varies 
a little, usually about 6, the same as felspar. It »s rather brittle. H. Biicking 
found that when blue turquoise is heated, it first becomes green and blackens, 
and finally assumes a dark brown colour. Unlike glassy imitations, which fused 
quietly when heated in a crucible or with the tip of a blowpipe flame, natural turquoise 
decrepitates or crumbles with a crackling sound when heated. W. T. Schaller found 
that blue crystalline turquoise can be heated to 200° without changing its colour, 
but between 2(K)° and 400° most of the water is given off ; all the water is 
lost at 600°, and the colour is then green; at higher temp., the colour is brown. 
G. T. Moore and V. von Zepharovich found the loss of water at different temp, to be : 

, ISO 1 c. 530" r. 570 a r. 740° c. 830 J c. H»00° 

Loss H 2 0 . 2-57 1G-72 (HO 013 0 22 0 35 per cent. 

Colour . . Browning begins Chocolate brown 

The total loss of water was 20 09 per cent. R. Cusack gave 1500° for the m.p. 

W. T. Schaller found the indices of refraction of the crystals to be a~ 1 *61, y- 1*65 ; 
the double refraction is strong. Massive turquoise is also dotibly refracting. 
A. Lacroix gave for the mean index of refraction 1 63. W. W. Coblentz found the 
mineral not sufficiently transparent to the ultra-red rays to show unequivocally the 
water-band at 3/i. There are small maxima in the ultra-red transmission spectrum 
at 3 * 3 / 1 , 5‘1/x, 5*3/i, 5*6/i, 6*3/i, and 7*6/i. No bands belonging to the P0 4 -radide 
could be identified. A. Buguet and A. Gascard, and C. Doelter found that turquoise 
is slightly transparent to X-rays. According to 8. L. Penfield, powdered tur- 
quoise is only partially dissolved when heated in a sealed tube with hydrochloric 
acid, and the residue retains its blue colour ; he hence infers that the colouring 

vol. v. # 2 1 * 
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agent is chemically combined as an integral part of the mineral- M. Bauer said 
that the action of nitric acid on turquoise varies. In some cases, the mineral dis- 
solves, but in other cases, the colouring matter is destroyed. W. T. Schaller found 
crystalline turquoise is not soluble in boiling hydrochloric acid, but it is soluble 
if the mineral has been heated until it is brown. P. Hautefeuille and J. Margottet 
melted a mixture of alumina, metaphosphoric acid, and silver phosphate, and 
obtained colourless, doubly refracting, rhombic, prismatic crystals of silver 
aluminium phosphate, 2Al 2 0 3 .Ag 2 0.4P 2 0 5 . 

The calcium al umini um phosphates are represented by a number of 
minerals. Thus, according to the analysis of A. H. Church, 6 lavistockite, from 
Tavistock (Devonshire), has a composition approaching Ca 3 (P0 4 ) 2 .2Al(0H)3, or 
3Ca0.Al 2 0 3 .P 2 0 5 .3H 2 0. 

Tho (unphithahte of L. .1. Ingolstrom is less calcareous ; the cirrolite of C. W. Blomstrand 
approximates 6Pa0.3P 2 0 5 .2AI 8 0 8 .3H 2 0. There are a number of minerals with mixed 
buses in place of lime. For instance, th ejezefote of F. Slavik occurs in monoclinic crystals 
with axial ratios a j 6 : r- -0*8959 : 1 : 1*0241, and /J = 105° 31*5'. Its composition approxi- 
mates Al 2 0 3 .Ca0.P 2 0 6 .2(Nn,TJ)F.2(Na,Li)0H ; its sp. gr. is 2*940; its hardness 41; 
its indices of refraction a ---1*55, /3 -1*5(5, y=-l*59. F. Slavik’s mineral, lacroicitc, has a 
composition corresponding with 8(Ca,Mn)0.3Al 2 0 3 .3P„0 6 .8Na(F,0H).4H 2 0, and occurs in 
monoclinic crystals with « : b : c~0*82 : 1 : 1*(50 ; the sp. gr. is 3*126 ; tho hardness, 4*5 ; 
and tho moan index of refraction 1*57. C. W. Blomstrand's attakolite has tho com- 
position 6(Ca, Mn)0.4P 2 0 6 .5Al 2 0 3 .GH 2 0. The sp. gr. is 3*09 ; and the hardness 5' 

F. Slavik’s roadie rite has the composition 3CaO.2FeO.3MnO.2Al 2 O 3 .4P 2 O 5 .10H 2 O, or 
K" 2 AI(0il)(t , 0 4 ) 2 .2H 2 (). It forms monoclinic crystals with a:b:e— 0*94: 1:0*88, and 
f$ 99° 50'; sp. gr,, 2*910; hardness, 4*5; and high negative double refraction. 

In the eoaphontv of (*. J. Brush and E. S. Dana, the composition approximates 
2B0.P 2 0 6 .A1„0 3 .4H 2 (), where It denotes Mn and Fo, with a little Ca and Na. The 
crystals uro rhombic bipyramids with a : b : c=0*7768 : 1 : 0*51502 ; its sp. gr. is 3*3 ; and 
the hardness 5. Tho composition of tho mineral ehildrenite, analyzod by C. F. Hammelsberg, 
and A. H. Church, approximates 2R"0.A1 2 0 3 .P 2 0..4H 2 0, analogous, according to 
S. L. Penlield, with oosphorito, only the manganous oxido in ehildrenite is nearly ono-third 
that, in eosphorite. Tho rhombic crystals, according to W. H. Millor, have tho axial ratios 
a ; b : c~ 0*77801 *. 1 : 0*62575; the sp. gr. is 3*22-3*247 ; and tho hardness 4*5-5. J. Drug- 
man examined these two minerals. According to the analyses of L. J. lngelstrom, and 
C. W. Blomstrand, tho mineral tetraijophoaphite has a composition corresponding with 
3(Fo,Mn,Mg,Crt)0.3Al 2 0 8 .2P 2 0 6 .3H 2 0 ; and, according to the former, gerahyile bus tho 
composition 3K0.9A1 2 0 3 .4P 2 0 6 .17H 2 G, where R denotos Fo, Mg, Ca, and Mn. In 1854, 

L. J. lngelstrom reported rhombohedral crystals of a mineral avanbergite, whose analysis 
corresponded with 3Ca0.3AL0 3 .2.S0 3 .P 2 0 6 .()H 2 0, calcium aluminium sulphatophosphate. 

Its sp. gr. was 3*29 ; and hardness (». Tho mineral lazulite with the higher pro- 
portions of calcium- -say 3 per cent. CaO — has been called ealeium-lazulitc. T. L. Watson 
found u specimen corresponding with (Fo, Mg, Ca)0.Al 2 0 3 .P 2 0 6 .H 2 0 on Craves Mountain, 
Ceorgm. 

The mineral hamlhute, or bowmanite, is the natural representative of strontium 
aluminium pyrophosphate, and the analyses of 8. L. Penlield, 6 and H. L. Bowman 
correspond with { Al(0H) 2 |3(Sr0H)P 2 07, or 2SrO.3Al2O3.2P5jO5.7H2O, where Sr 
represents strontium with about one-seventh barium. It has been described by 
R. H. Solly, E. Hussak, and B. .lezek. According to the latter, the crystals are 
ditrigonal with a : c- l : 1*18504 , sp. gr. 3159-3‘2H3 ; hardness, 4*5 ; indices of 
refraction, « 1*63870, and <0 -1*62945; the double refraction is positive. Tho 
mineral goyaziie of A. Darnour was shown by W. T. Schaller, and E. Hussak to be 
probably the same as hamlinitc. The mineral gotcrixite of E. Hussak is a barium 
aluminium phosphate, Ba(Ca, Sr, Ce)0.2Al20 3 .P20 5 .5H 2 0. It was analyzed by 
H. Gorceix, A. Damour, and E. Boutan. The sp. gr. is 

The mineral hzulite is a magnesium aluminium phosphate. It has also been 
called false lapis lazuli, klaprothite , blue spar , mountain blue, natural smalt, blue 
felspar , mollite , voraulite, etc. Analyses by C. F. Hammelsberg, 7 J. N. von Fuchs, 

J. L. Smith and G. J. Brush, R. Braudes, L. J. Igelstrom, C. W. Blomstrand, 

J. Garaper, and A. Lacroix correspond with 2R 3 (P0 4 )2.3Al2(P04)3.2H ft Al 2 0 6 , or, 
according to P. Groth, (Mg, Fe, Ca)(P0 4 ) 2 (A10H)2. The crystals, according to 

K. Prttfer, are monoclinic prisms with the axial ratios a ; b : c=0‘97496 : 1 : 1 6483, 
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S and j3=89° 13§' ; the sp. gr. is 2-78-3*122 ; the hardness, 5-6 ; and, according to 
■ A. Michel-Levy and A. Lacroix, the indices of refraction are a— 1*603, -1*632, 

and y= 1*639. The optical properties were investigated by A. von LasauLx. 
W. W. Coblentz found a large water-band at 3 /la in the ultra-red trans- 
mission spectrum of lazulite. There is also a band at 1*3 fx. The amorphous 
mineral kehoeite. from Kehoeit (Lawrence Co.) is a zinc aluminium phosphate, 
which, according to the analysis of W. P. Headden, has the composition 
2(Al 2 P 2 0 5 .9H 2 0).2Al 8 (0H) e .Zn 8 P a 0 8 -3H s 0 
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CHAPTER XXXIV 


GALLIUM 


§ 1. History o! Gallium 

Gallium was discovered by Lecoq de Boisbaudran. 1 The discovery was due 
to une conception theorique based on his views on the spectra of the elements. He 
observed that the spectral lines of the incandescent vapours of the different members 
of a family of metals are repeated with the same disposition ye net ale, exhibiting 
regular variations. He found that with the aluminium family there was a missing 
term between indium and aluminium to which belonged un corps hypothttique with 
properties intermediate between those of the elements just mentioned. Aided by 
the spectroscope, he sought for this substance under unfavourable conditions in 
1863, and in the autumn of 1868 he collected some zinc blende at Pierrefitte (Haute 
Pyrenees) with the object of renewing the quest. Work was recommenced in 1874, 
and the existence of un nouvel iliment established during the night of August 27-28, 
1875. It was named gallium en Vhonncur de la France — Gallia being the Latin name 
for France. The discovery was communicated in un paquet cachete to l’Academic 
des Sciences on August 29, 1875, and the packet was opened on September 20, 
1875. P. E. Browning has compiled a bibliography of the literature of this element. 

L. de Boisbaudran said that from the position attributed to Velhnent inconnu in 
the chemical family he was able to predict approximately its properties, but he 
did not think it proper to publish these speculations, n/rs de V imagination, without 
making serious efforts to control them by rhnltafs positifs. Meanwhile, 
1). I. Mendelecff was studying the periodic law, and in order to justify his argument 
that certain blanks in the periodic table were due to unknown elements, he stated 
that the lacuna below aluminium must belong to an undiscovered element which 
he named eka-ahminium . Bolder than L. de Boisbaudran, 1). L Mendekicff (1869) 
attributed certain properties toeka-aluminium, and in 1875, he showed that gallium 
was vested with those very qualities —vide, 1. 6, 4. A comparison of the prediction 
and of the observed results is made in Table I. M. M. P. Muir, and G. Winkler have 
discussed this subject. 

Table 1.— Comparison of the Properties of Eka-Aluminium and Gallium. 


I). I. Mendeteefl’a Eka-alumlnlum, El 


L. de lJoisbaudran’n < Jalllmn, (Ja 


1. At. wt. about 68. 

2. Metal of sp. gr. 5*9 ; rn.p. low ; non- 

volatile ; unaffected by air ; should 
decompose steam at a red heat ; and 
dissolve slowly in acids and alkalies. 


3. Oxide — formula El,O s ; sp. gr. 5 5 ; 

should dissolve in acids to form salts 
of the type E1X 3 . The hydroxide 
should dissolve in acids and alkalies. 

4. Sails should have a tendency to form 

basic salts ; the sulphate should form 
alums ; the sulphide should be pre- 
cipitated by H,S or (NH.),S. The 
anhydrous chloride should be more 
volatile than zinc chloride. 

6. The element will probably be dis- 
covered by spectrum analysis. 


1 . At. wt. 69 9. 

2. Metal of sp. gr. 5 94 ; in.p. 30’ 16° ; 

non-volatile at moderate temp. ; 
not changed in air ; action of steam 
unknown ; and dissolves slowly in 
acids and alkalies. 

3. Oxide — Ga 2 0 3 ; sp. gr. unknown ; 

dissolves in acids, forming salts of 
the type GaX 3 . The hydroxide dis- 
solves in acids and alkalies. 

4. The salts readily hydrolyze and form 

basic salts ; alums are known ; the 
sulphide is precipitated by HjS 
ana by (NH 4 ) 2 S under special con- 
ditions. The anhydrous chloride is 
more volatile than zinc chloride. 

5. Was discovered by the aid of the 

spectroscope. 
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Iii 1887, fo. Linnemann 2 announced a new element in the orthite from Arendal ; lie 
named it austrium. This element is considered by L. de Boisbaudran, and R. Pribram to 
be impure gallium, because it exhibits the two characteristic lines of that element — the 
differences in the number and intensity of the observed spectral lines are caused by varia- 
tions in the working conditions. R. Pribram, however, said that orthite shows spectro- 
scopically a now element yet to be isolated ; he called it amtrium and said that it is quite 
different from E. Linnemann’ a austrium. This has not been confirmed. 
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§ 2. The Occurrence of Gallium 

Gallium is one of the scarcest of elements, but, according to W. Vernadsky, 1 
W. N. Hartley and H. Ramagc, it occurs widely distributed in nature in minute 
quantities. J. II. L. Vogt, and F. W. Clarke and 11. S. Washington estimated the 
10-mile crust, the hydrosphere and lithosphere contained OOOOOOOOOx per cent, of 
gallium. Very small amounts of gallium occur in many zinc blendes. L. de 
Boisbaudran found it in the brown blende of Pierrefitte, Sweden, and Schwarzenbcrg 
(Saxony) ; in the yellow blende of Mandesse, and Asturien; in the black blende of 
Bensberg ; in the blende of Alston Moor (Cumberland), and Rio Tuerto (Spain). 
The Pierrefitte blende contained 0*< K) 1 4—0*0022 grm. of gallium per kgrm. ; the 
Bensberg blende is somewhat richer, containing 0*016 grm. per kgrm. H. B. Cornwall, 
F. L. Bartlett, and W r . F. Hillcbrand and J. A. Seherrer, found it in a number of 
American zinc blendes ; V. Rimatori, in Sardinia zinc blendes ; and J. B. Kirkland, 
in Australian blendes from Peelwood (N.S.W.). G. Urbain, A. del Campo y Ccrdan, 
H. 0. Fogg and C. James, and W. N. Hartley and II. Ramagc have discussed the 
occurrence of gallium in zinc blendes. The last-named found gallium in twelve out of 
fourteen zinc blendes which they examined; the first-named detected gallium in nearly 
all the 64 samples which he examined ; and A. del Campo y Ccrdan, in 60 of the 65 
specimens investigated. Gallium, indium, and germanium were found in 29 cases; 
gallium and germanium in 18 ; gallium and indium in 4 ; and germanium and indium 
without gallium in none. Four samples showed gallium alone. L. de Boisbaudran 
found a little gallium in the tutia from the zinc furnaces of the Societe de la Vieille- 
Monbagtie. B. Delachanal and A. Mermet found gallium in the residue remaining 
after the distillation of zinc— approximately 0 002 grm. of gallium in 10 kgrms. of 
zinc, or 1 : 5000000. P. E. Browning and H. S. Uhler found mercury-like globules 
of an alloy of gallium with about 10 per cent, of indium, some lead and zinc, on the 
surface of a residue obtained in the distillation of zinc. L. de Boisbaudran observed 
no gallium in the ribbon blende from Vicille Montagne. zinc from Vieille Montagne, 
tutia from Corphalie, galena from Pierrefitte, calamine from Sardinia and Le Card, 
and in commercial hydrochloric and nitric acids. W. N. Hartley and H. Ramage 
demonstrated the presence of gallium, spectroscopically, in 35 out of 91 iron 
ores they examined — siderite, pyrites, etc. ; it was found in seven magnetites ; in 
metallic iron ; in the flue dust of blast furnaces ; in fifteen aluminium ores ; usually 
in china clay and bauxite ; in commercial alum ; and in four out of twelve 
manganese ores. C. Boulanger and J. Bardot, and R. L. y Gamboa also found 
gallium to be present in commercial aluminium-- -in one case 0017 per cent, 
of gallium — and in many bauxites ; J. hunt, O. Pufahl, and J. S. Thomas and 
W. Pugh found about half per cent, of gallium in germanite. 
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W. N. Hartley and H. Ramage found gallium to be present in meteoric iron, and 
the spectroscope showed it to be present in the sun ; the latter observation was 
confirmed by J. N. Loekyer. W. N. Hartley has also discussed the occurrence of 
gallium in the sun and stars. The presence of gallium was found by J. Bardet in 
some French mineral waters. 
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§ 3. The Extraction ot Gallium 

L. de Boisbaudran 1 employed the following process for extracting gallium from 
its ores : 

Tho ore, according to its nature, is dissolved in aqua regia, hydrochloric or sulphuric) 
acid. Tho cold liquid is treated with plates of zinc, which precipitate copper, arsenic, 
lead, cadmium, indium, thallium, mercury, silver, bismuth, tin, gold, and selenium : tho 
solo, is filtered, when tho escape of hydrogen is still considerable. Tho liquid is then heated 
with a large excess of zinc. The gelatinous deposit is washed, and rcdissolvod in hydrochloric 
acid. Tho new liquid is heated with an excess of zinc, and a second gelatinous precipitate 
is obtained. Jnto the hydrochloric soln. of this second precipitate formed by zinc a 
current of hydrogen sulphide is passed, the liquid is filtered, the oxeoss of hydrogen sulphide 
driven off, and the soln. is fractionated with sodium carbonate, ceasing whon thorny Gina 41 7*0 
ceases to bo visiblo with the hydrochloric soln. of the precipitate. Tho oxides or sub-salts 
are taken up with sulphuric acid; the soln. is caiefully evaporated until white sulphuric 
acid vapours aro no longer, or but slightly, given off. It is allowed to cool, and stirred with 
water, which dissolves tho mass after the lapse of a time varying from some hours to a couple 
of days. Tho soln. of the sulphate, almost neutral, is diluted with much water, and raised to 
the boiling-point. The sub-salt of gallium is separated by filtration whilst hot. This basic salt 
is dissolved in a little sulphuric acid, and tho liquid is mixed with a slight excess of potassium 
hydroxide, so as to dissolve tho gallium, but to leave the iron. It is filterod, and the oxide 
of gallium is precipitated by a prolonged current of carbon dioxide. This oxide ih redissolved 
in a minimum of sulphuric acid, a slight excess of ammonium acetate, feebly acid, is nddod, 
and it is then treated with hydrogen sulphide. Under those conditions the gallium ih not 
precipitated. The acid liquid is filtered, diluted with water, and raised to a boil. The 
bulk of the gallium is precipitated and filtered whilst hot. The mot her- liquor, concentrated, 
and boiled with aqua regia in order to destroy aminoniacal salts, is added to tho other 
gallium residues. The precipitate formed on heating the acetic arid soln. is rodissolvod in 
sulphuric acid, a slight excess of potassium hydroxide is added, and it is then filtered# Tho 
soln. in alkali-lye is electrolyzed. The gallium is easily detached from platinum electrode 
on pressing it between the fingers under warm water. The metal is then immersed for 
about half an hour in nitric acid at about 80° or 70°, quite free from chlorine, and diluted 
with an equal volume of water. After washing, it may be regarded as pure. 

The small proportion of gallium in the ores renders the preparation of the metal 
costly and laborious. The extraction of gallium from zinc ores was described by 
H. C. Fogg and C. James ; and from germanite, by J. S. Thomas and C. James. 
L. de Boisbaudran and E. Jungfleisch used the following modification of the above 
process for extracting gallium from the blende of Bensberg, the richest ore available : 
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The pulverized mineral is roasted in a gas furnace, when the gallium remains fixed, 
while the greater part of the indium is volatilized. The residue is treated with a quantity 
of sulphuric acid sufficient to dissolve almost all the zinc, leaving, however, in the mass so 
much subsulphate of this mineral that the filtrate may be rendered turbid by cold water. 
We thus obtain commercial zinc sulphate and a residue containing the gallium. This 
residue is redissolved in an excess of sulphuric acid. * .After the reduction of the per-salt 
of iron by means of metallic zinc, tho filtrate is precipitated fractionally with sodium 
carbonate, the progress of the operation being watehed with the spectroscope. The 
precipitates are re-dissolved in sulphuric acid, and a second reduction with zinc and a 
fractional precipitation with sodium carbonate follow. All the gallium in the 4300 kilos, 
of ore was thus concentrated in about 100 kilos, of still moist material. To remove the 
iron the reductions with zinc and the fractional precipitations with sodium carbonate 
are repeated several times. The galliferous precipitate is redissolved in sulphuric acid, 
evaporated to the elimination of most of the excess of acid, and boiled with much 
water. Tho filtrate deposits a sediment containing titanic acid. The liquid, which is very 
much charged with zinc, is treated with hydrogen sulphide, mixed with ammonium 
acetate, and again tieated with hydrogen sulphide. Zinc sulphide is thrown dowji along 
with gallium, which is thus freed from alumina. Tho additions of zinc, sulphate, of 
ammonium acetate, and the currents of hydrogen sulphide, are repeated as long as the 
sulphide gives the rays of gallium. The sulphuric soln. of the galliferous sulphides of zinc 
is carefully fractioned with sodium carbonate, and guided by spectral examination the 
zinc is thus completely separated. The product is again dissolved in tho theoretical 
quantity of sulphuric acid and treated with hydrogen sulphide when a little cadmium, lead, 
indium, zinc, etc., are deposited as sulphides ; and the liquid, largely diluted with w'ater, is 
raised to the boil, liy filtering when hot we collect a bulky sub-salt of gallium which is 
immediately washed in boiling water, for on cooling it dissolves in its mother liquor. This 
basic salt is very readily attacked by alkali-lye, which leaves undissolvcd iron, indium, etc. 
The alkaline liquor on treatment with hydrogen sulphide gas, and then by very slight acidu- 
lation with sulphuric acid, yields a deposit principally consisting of indium sulphide. Tho 
very slightly acid liquid is next boiled with a. large excess of water, when the sub-salt is 
again deposited. Metallic gallium is isolated by the electrolysis of the soln. of the sub-salt 
in alkali-lye. The metallic deposit is only obtained advantageously under certain special 
conditions. The intensity of the electric current should vary according to the cone, of 
the liquid, but the surface of the negative electiode must lie small in comparison with that 
of the positive elect rode. If the metal is deposited in the cold it often forms long rows of 
crystals resembling needles fixed to the electrode by one of their ends, and sometimes 
reaching 3 erris. m length. Above 30°, the metal flows in drops, which collect at the bottom 
of the electrode. The crude inotal lias been further purified by filtering it through dense 
linen, shaking it while hot with water acidulated with hydrochloric acid, and by repeated 
recrystallization. 

W. N. Hartley ami H. Ramage also separated gallium from iron. P. E. Browning 
and L. E. Porter separated gallium and zinc by the fractional crystallization of 
ceosium-gallium alum. R. L. y Gamboa separated gallium from aluminium by 
nrecipitating the former in hydrochloric acid soln. containing potassium arsenite, 
by means of hydrogen sulphide. The arsenic sulphide carries down all the 
gallium as sulphide. F. Bates purified gallium in the following manner : 

Crude gallium was dissolved in aqua regia, treated with sulphuric acid, and heated 
until it fumes so as to remove nitric acid. After dilution, small amounts of lead sulphate 
wero filtered off. The sola, was then diluted, treated with hydrogen sulphide, and filtered 
to remove the hydrogen-sulphide group of elements. The filtrate was boiled to expel 
hydrogen sulphide and treated with ammonium hydroxide. The precipitate was filtered 
off, dissolved, and reprecipitated three times to free it from zinc. The final separation from 
indium was based on the solubility of gallium hydroxide in a soln. of sodium hydroxide 
and the insolubility of indium hydroxide in that reagent . The sodium hydroxide separation 
was carried through three times. The deposition of gallium was finally carried out by 
electrolysis of the alkaline soln. 

The electrolytic deposition of gallium from alkaline soln. of its salts or hydroxide 
has been studied by L. Schucht, L. Ehrlich, and G. Kunert. P. E. Browning and 
H. S. Uhler obtained the metal in the form of a gallium-tree when operating at 0° ; 
at ordinary temp., the metal appears in liquid globules. L. M. Dennis and 
J. A. Bridgman showed that by the fractional electrolysis of a slightly 
acid soln. of the sulphates of gallium, indium, and zinc, zinc may be removed 
entirely, and the gallium obtained almost free from indium. T. W. Richards 
and S. Boyer found that the separation of gallium from indium by the process 
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based on the difference in the solubilities of the hydroxides in alkali-lye 
leaves several per cent, of indium with the gallium. The electrolytic process based 
on the fact that gallium is less easily deposited than indium, and more easily deposited 
than zinc, gives good results. 
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§ 4. The Physical Properties of Gallium 

Gallium is a greyish metal with a colour resembling that of steel ; it has a greonish- 
bluo reflex, and when molten it appears like tin or silver. According to L. do 
Boisbaudran, 1 with repeatedly reflected light the colour is bluish-green. T. Carnellcy 
studied the relation between the colour and at. wt. of the gallium family of elements. 
L. dc Boisbaudran andE. Jungfleisch obtained crystals by introducing a platinum 
wire supporting a little solid gallium into the molten metal, undercoolcd 10° 15° 
below its m.p. ; in three to ten seconds, octahedral crystals are formed. If the 
crystals are not promptly withdrawn, the metal becomes heated too near its 
m.p., solidification is retarded, and plate-like crystals are formed. The lustrous 
crystals are difficult to measure because their surfaces are slightly curved. The 
metal- crystallizes in bipyramids probably belonging to the monoclinic system, 
according to L. de Boisbaudran, or to the tetragonal system, according to A. dcs 
Cloizoaux. The solid metal has a crystalline texture. 

The specific gravity of the samples first prepared by L. de Boisbaudran was 
4*7 at 15715°, but he later found this result is too low— possibly owing to interstices 
filled with air or water ; he later obtained 5 035 at 24*45724*45° for the solid and 
607 for the liquid at 24‘7°. Like water, therefore, the solid contracts 011 melting. 
T. W. Richards and S. Boyer found that the purest sample of gallium they prepared 
had a sp. gr. 5 885 in the solid state and 6*081 in the liquid state ; gallium con- 
taminated with indium had sp. gr. 5*975 and 6*166 respectively in the solid and 
liquid states. The presence of indium has thus little influence on the expansion 
which occurs when gallium freezes. E. Donath and J. Mayrhofer studied the at. 
vol. of gallium with respect to its position in the periodic table. Gallium is hard ; 
and it gives a bluish-grey streak on paper. Tho malleability is low. It can be 
extended under the hammer, but it soon becomes brittle, breaking in the direction 
of the crystalline cleavage on shock, or when suddenly bent. Thin foil was obtained 
by melting the metal between sheets of glass. T. W. Richards and S. Boyer found 
the compressibility of the purest gallium, i.e. the fractional change in vol. caused by 
one megabar press., between 100-500 megabars, to be 2 09 xlCT* per unit vol. per 
megabar, at 30° ; and that of gallium contaminated with some indium, 1 97 X 10"*. 
The compressibility of the liquid at 30° is 3*97 X 10 r* f a value very near that of 
mercury, and nearly twice the value for solid gallium. This agrees with general 
experience that the compressibility of a substance in the solid state is less than that 
of the same substance in the liquid state irrespective of the volumes occupied. 

L. de Boisbaudran measured the malting point of six samples of gallium 
successively deposited from the same soln. The first and last fractions had 
respectively the values 30*14° and 30*16°— the mean of all six samples was 30*16° ; 
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an earlier determination on a less pure sample gave 29*5°. M. Berthelot found the 
m.p. to be 30°, and W. Guertler and M. Pirani give this as the best representative 
value. The metal thus liquefies when held in the fingers, and it very readily remains 
in a state of surfusion. The fusion point was not changed by keeping the metal in 
boiling water for 2 hrs. to destroy any potassium which might be present. 
T. W. Richards and S. Boyer obtained 30*8° for the m.p. of the metal purified by 
the electrolytic process, and 26 9° for that purified by the hydroxide process without 
electrolysis. From T. W. Richards and S. Boyer’s value for the sp. gr. of the liquid 
and solid at the m.p. W. It. Mott gave 30 l 0 for the m.p., and 1700° for the boiling 
point. According to W. R. Fielding, the metal is more polymerized in the liquid 
than in the solid state at the m.p. P. W. Bridgman computed that gallium contracts 
0-00529 c.c.per gram in passing from the solid to the liquid state, and increasing press, 
accordingly depress the m.p. The m.p. at different press., p,in kgrms. per sq. cm. are : 

V • • • 0 0)00 2000 4000 B000 8000 10.000 12 000 

m.p. . . 29' 85° 27-8° 25-7° 21-4° 17*0° 12*0° 8-10 J 2-55° 

L. de Boishaudran said that melted gallium adheres readily to glass, on which it 
forms a fine mirror whiter than that produced by mercury ; but, added L. de Bois- 
baudran and E. Jungfleisch, after cooling and solidification, the metal can bo 
readily detached from glass. L. de Boishaudran found the metal to be but slightly 
volatile even at a red heat. F. Bates said that little is known concerning the boiling 
point of gallium, but a few experiments which have been made show that it is over 
1500\ L. de Boishaudran suggested using gallium in place of mercury as a thermo- 
meter liquid for high temp. M. Berthelot found the specific heat of solid gallium to be 
0-079 between 12" and 23" ; and that of the liquid between 125 and 119°, to be 
0 082 ; the atomic heat of the solid is therefore 5*52, and that of the liquid 5 * 59 . 
A. Bucket) gave for the mol. lit. of liquid gallium Cp--5*6, and for the solid C v 5-5. 
From the slope of the press.-m.p. curve 0-00203, and Clapeyron’s equation, 
P. W. Bridgman computed the latent heat of fusion to bo 18 5 cals, per gram. 

M. Berthelot found by seeding surfused gallium at 13°, the heat of fusion to be 19-11 
cals, per gram of metal. P. W. Robertson discussed some relations between the 
physical constants of gallium. 

The spark spectrum of gallium was shown by L. de Boishaudran to furnish two 
violet lines A---4 1 72 2 and 4033-18- the former is much more intense than the latter. 

The flame spectrum is feeble and rapidly 
1 1 vanishes. There are three other feebler 

rrrrrrT j lines for A 6396-99 and 6413*92 ; and one 
3000 still more feeble for A— 3020*61, Fig. 1 — 
Fro. 1. -Spark .Spectrum of Gallium by F. Bates. Four of these five lines are 
4 in the visible spectrum. P. E. Browning 

and H. S. Uhler found indications of the possibility of two faint gallium 
lines A—5353‘81 and 5359-8. Lines have also been observed by B. Delachanal and 
A. Mermet, G. I). Liveing and J. Dewar, E. Klein, E. Dema^ay, W. N. Hartley 
aud co-workers, F. Exner and H. Haschek. While H. Kayser sard that so little is 
really known that alles in allem ist das Spektrum des Gallium noch so gut wie unbekannt. 
The series spectra of the family have been studied by J. R. Rydberg, W. M. Hicks, 
A. Fowler, J. A. Carroll, and F. Paschen and K. Meissner. H.S. Uhler and 
J. W. Tanch studied the arc spectrum of gallium ; and W. Grotrian, the absorption 
spectrum* W. Duane and K. T. Hu, and H. S. Uhler and C. D. Cooksey measured 
the X-ray spectrum of gallium, and found, in Angstrom units, a 2 a'=l*34161 ; 
a^a— 1*33785 ; and /3i|3—l ‘20591. The high-frequency spectrum was also studied 
by M. de Broglie, F. L. Mohler and A. E. Ruark gave for the ionization potentials, 
2p 2 =o*960; 5*871 ; and for the resonance potentials, 2p 2 — 2p 1 =0*102 ; 

2 Pi — 2s— 3*060 ; 2p 2 —3di, 2 —A2$A. According to J. H. Gladstone, the specific 
retraction, calculated from the rubidia alum, is 0 - 2120 ; and the atomic retraction 
approximately 14 8 ; the sp. refraction is 0166, and the atomic refraction 116 
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with the ffa-liue. \V. J. Pope gave 16-52 for the at. refraction of gallium with 
the /)-line. 

A. Guntz and \V. Broniewsky found the specific electrical resistance of gallium 
at 0° to be 53 4 when the absolute value of a gallium filament is 1*3686, and 
of mercury of the same volume 2*4095 ; at higher temp, the values are : 

U° 17-4° 18 0° 2fi4° 29° 30*3° 40 C 18-G’ 

Sp. resistance . . 534 56*5 57 '0 55*8 m.p. 27 *2 28-4 28*0 

Solid 1 Jquld 

According to P. W. Bridgman, the sp. resistance of liquid gallium at the m.p. is 
25*92 X 10^ 6 units ; and relative sp. resistance, R, of liquid gallium at different press., 
f kgrnis. per sq. cm., and temp. 

p . . . 0 1000 2000 4000 (>000 8000 10,000 12,000 

(3l>° . 00450 0*0415 0*0380 0*0308 0*0238 0*0171 0*0105 0*0044 

It 05° . 0 0047 0*0005 0*0504 0*0488 0*0418 0*034!) 0*0283 0*0223 

( 100° . . 0 0824 00783 00743 0G0G7 0*0593 0*0522 0*0151 0*0380 

so that the average press, coeff. of the resistance between 0 and 1 2,000 kgrms. per 
sq. cm. is — 0*0 5 531 at 30°, — 0*0 6 532 at 65°, and ~0*0 f) 53i at 100°. No 
discontinuities were observed, showing that there is probably no new modification 
in the region observed. The relation between press, and resistance is linear at 0° 
to 12, (XX) kgrms. per sq. cm. press., the coeff. being — 0*0 f) 217 ; and in a glass capillary 
tube — 0*()r,l 91 . The temp, coeff. of the resistance for the unconstrained solid is 
0*003963 between 0° and 21*5°. The sp. resistance of solid gallium was 1*733 times 
that of the liquid at the m.p. *, A. Guntz and W. Broniewsky found 2*09 for this 
ratio. 1*. W. Bridgman found that for the supercooled liquid down to 0°, the 
resistance curve is a regular prolongation of the curve at the m.p., while A. Guntz 
and W. Broniewsky, and A. Schulze found the resistance, R } to pass through a 
minimum and to increase again in the unstable region: 

O’ 17*4 U ISC)' 20 4° 29 0 g 303° 4GT 

II y, 10® . . . 53*4 50*5 57*0 55*8 m.p. 27*2 28*4 

at the m.p. the resistance of the solid is 57 Xl0~ fl , and of the liquid, 27 Xl0~ tt . 
J. Kegnauld found that liquid gallium is electronegative to the solid metal, and he 
made a cell with liquid gallium acting as the positive, solid gallium as negative 
electrode - -in a neutral aq. soln. of gallium sulphate. S. Meyer, and M. Owen 
found the metal to be diamagnetic. 
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§ 6. The Chemical Properties of Gallium 

J. N. Lockyer 1 said that when gallium is heated in vacuo, no occluded gas is 
given off. According to L de Boisbaudran and E. Jungfieisch, gallium preserves 
its lustre in air, and even in the laboratory where the air is usually loaded with acid 
vapours. L. de Boisbaudran said that in air at a red heat the metal is oxidized 
only superficially. A. Dupre found that dry oxygen at 285° exerts no visible action 
on the metal ; at incipient redness, the metal loses its lustre and is covered by a 
very thin greyish-blue pellicle ; at a full red heat, a distinct film of oxide is formed 
and this protects the metal from further oxidation ; and at a bright red heat, a 
slight sublimate of oxide is formed in the hottest parts of the tube. L. de Bois- 
baudran and E. Jungfieisch stated that gallium remains bright in boiling water free 
from air, but, in water containing air, the metal tarnishes slowly. When crystallized 
gallium is thrown into hot water, it crackles, and bubbles of gas escape— possibly 
hydrogen occluded when the metal was electro-deposited. Gallium unites with 
Chlorine, bromine, and iodine in the cold and in decreasing order of activity. The 
metal is slowly dissolved by hydrochloric acid, cold or hot, with the evolution of 
hydrogen. The action of acids is faster with the solid than with the liquid metal. 
The metal is slowly dissolved by nitric acid faster when hot than when cold. 
With monohydrated nitric acid, free from nitrous vapours, the action is almost nil 
at ordinary temp., but at 40° 50°, the action proceeds slowly, forming a grey deposit 
which dissolves very slowly. Aqua regia is a better solvent than nitric acid, but the 
action is not rapid. Gallium dissolves in asoln. of potassium hydroxide, and hydrogen 
is evolved. According to F. Bates, cadmium readily alloys with gallium, and he used 
the alloy in place of cadmium alone for a cadmium vapour lamp. When solidified, 
the alloy does not adhere to the fused silica walls of the lamp. W. Ramsay found 
that gallium readily amalgamates with mercury. L. de Boisbaudran found that 
gallium readily alloys with aluminium, and mixtures rich in gallium are liquid at 
ordinary temp. ; they readily decompose water, evolving hydrogen and leaving a 
solid residue of the metal gallium, and aluminium hydroxide. Gallium also alloys 
with platinum, indium, etc. Gallium forms two series of salts, in one the metal 
is a dyad, and in the other a triad. Gallous salts have reducing properties, and they 
are unstable. A. Korczynsky studied the catalytic effect of gallium and its salts on 
the hydrogenation of aromatic hydrocarbons. 

Reactions Of analytical interest. -The gallic salts arc colourless or white ; the 
sulphate and nitrate are readily soluble in water ; the sulphate forms alums. The 
aq. soln. are hydrolyzed when boiled, and a basic salt is precipitated. Gallic salts 
give no precipitate with hydrochloric acid. The soln., acidified with hydrochloric, 
sulphuric, tartaric, or acetic acid, gives no precipitate with hydrogen sulphide, even 
if ammonium or alkali tartrates are present, but if zinc, silver, copper, manganese, 
iron, or arsenic are present in a feebly acid soln., some gallium is carried down with 
the precipitate, but not if the soln. be strongly acidified. Gallium is not precipitated 
by ammonium sulphide, but in presence of other salts, like those of zinc, the gallium 
is precipitated with the zinc sulphide. Gallic hydroxide is precipitated by soln. 
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of potassium hydroxide, or by aqua ammonia, and the precipitate is soluble in an 
excess. The presence of tartaric acid hinders the precipitation by ammonia. A 
white precipitate is obtained with alkali or ammonium carbonate, and in the latter 
case the precipitate is soluble in an excess of the precipitant. Gallium hydroxide 
is precipitated by barium or calcium carbonate in the cold. Similar precipitates 
are obtained by adding cupric oxide or manganous sulphide— in the latter case 
hydrogen sulphide is evolved. The precipitation with cupric oxide is utilized for 
separating gallium from salts of lead, cobalt, nickel, iron, thallium, beryllium, 
and the rare earths. When a boiling dil. soln. of a gallic salt, acidified with acetic 
£cid, is treated with ammonium acetate, gallic hydroxide is precipitated if the pre- 
cipitant is not in too great an excess. Potassium ferrocyanide gives a precipitate 
in soln. strongly acidified with hydrochloric acid. L. E. Porter and P. E. Browning 
based a method of analysis on this reaction which is very sensitive, a precipitate is 
produced in a soln. containing 1 part of gallium in 200,000 parts of soln. No 
precipitatiou occurs with potassium ferricyanide. The metal zinc gives a precipitate 
only with alkaline soln. of gallium salts ; the gallium forms insoluble Hecks of 
gallic oxide or of a basic salt ; the reaction with cadmium is incomplete ; and with 
iron, a long boiling is needed. In gravimetric analysis, gallium is precipitated by 
ammonia and weighed as sesquioxide. 

The atomic weight of gallium. — The hydrogen eq. of gallium in gallous salts is 
about 35, and in gallic salts, 23‘3. It is assumed that in the former case the metal 
is dyadic, and in the latter triadic, and that the at. wt. approximates 70 because this 
corresponds (i) with the smallest quantity of gallium in gallium trichloride when 
tested by the vapour density method of Avogadro ; (ii) with Dulong and Petit’s 
specific heat rule ; (iii) with Mitscherlich’s isomorphic law where the gallic alums 
are isomorphous with aluminium, indium, and thallium alums; and (iv) with the 
position assigned to it in the periodic table, (v) C. Runge and J. Precht’s method, 
based on the linear relation of the logarithms of the at. wt. and the logarithm of the 
doublet separation of members of a family, was shown by W. M. Watts to agree with 
an at. wt. of about 70. L. de Boisbaudran determined the ratio ammonia gallic 
alum, and gallic oxide, (NH4) 2 S0 4 .Ga 2 (S0 4 ) 3 .24H 2 () : Ga 2 0 3 , and hence computed 
the at. wt. 70 08 ; and he also dissolved gallium in nitric acid, and ignited the nitrate 
so as to obtain gallic oxide, and from the ratio 2Ga : Ga 2 () 3 , computed the at. wt. 
69 7. In some preliminary experiments. T. W. Richards, W. M. Craig, and 
J. Sameshima determined the ratio GaCl 3 : 3AgCl, and hence computed the at. wt. 
70‘10 ; and T. W. Richards and W. M. Craig obtained 69 716. The International 
Table gives 69 9 for the best representative value. From the lowering of the vap. 
press, of soln. of gallium in mercury, W. Ramsay inferred that gallium is monatomic 
in the dil. soln.— this presupposes that no gallium mercurides are formed. The 
atomic number of gallium is 31 . F. W. Aston found that gallium has two isotopes 
with at. masses 69 and 71. 
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§ 6 . Gallium Oxides and Hydroxides 

Gallium forms gallium sesquioxide , gallic oxide, or gallium trioxide, Ga 2 0 3 ; and 
what may bo a lower oxide, gallons oxide or gallium monoxide, GaO— but the 
existence of the latter is not so well established as that of the former. L. de Bois- 
baudran 1 obtained gallic oxide by the action of nitric acid on gallium, or by heating 
the nitrate. A. Dupre also found that the oxide obtained by igniting the nitrate is a 
white friable mass which, if heated in a stream of dry hydrogen, partly sublimes, and. 
is partly reduced ; at a cherry-red heat, said he, a bluish-grey substance is produced 
which resembles the pellicle formed on the oxidation of gallium ; notwithstanding 
the blue tint, the oxide does not appear to contain appreciable traces of the metal, 
for on treatment with nitric acid there is no evolution of nitrous fumes. It dissolves 
also in dil. sulphuric acid without the evolution of any gas, and the soln. reduces 
potassium permanganate. It is therefore inferred that the greyish-blue matter 
is a lower oxide of gallium, probably gallous oxide, for the sulphuric acid soln. of 
gallic oxide does not reduce permanganate. L. de Boisbaudran prepared a brown 
oxide with similar properties to A. Dupre’s gallous oxide by the action of water on 
gallous chloride. 

Gallic oxide is infusible at a red heat. According to L. F. Nilson and 
0. Pettersson, the sp. ht. of the oxide is 01062, and the mol heat, 1954. L. de 
Boisbaudran found that chromiferous gallic oxide gives a fine red fluorescence in 
the cathode rays. 0*1 per cent, of chromic oxide is sufficient. The oxides of 
samarium, dysprosium, and terbium also act as phosphorogens on gallic oxide. 
E. L. Nichols aud H. L. Howes studied the luminescent spectrum of the incandescent 
oxide. Gallic oxide is soluble in hydrochloric or sulphuric acid, in an aq. soln. 
of alkali hydroxide, and in aq. ammonia ; but if the oxide has been strongly heated, 
its solubility in these menstrua is so slow that L. de Boisbaudran said that it is 
insoluble. The calcined oxide may be brought into soln. by fusion with potassium 
hydrosulphate, or hydroxide. As indicated above, A. Dupre found that at a cherry- 
red heat, hydrogen reduces gallic oxide to a lower oxide ; at a bright-red heat, the 
oxide is reduced to metal. C. Winkler found the oxide is reduced when heated with 
magnesium, forming a reguliue metal. 

According to L. de Boisbaudran, the precipitate obtained by treating soln. of 
gallium salts with alkali carbonates or hydrocarbonates ; by alkali hydroxides ; by 
aqua ammonia ; and by ammonium carbonate, is probably gallic hydroxide, Ga(OH) 3 . 
According to L. M. Dennis and J. A. Bridgman, the precipitate of hydroxide obtained 
by boiling a soln. of gallium sulphate with sodium trinitride, or sodium sulphite, is 
more curdy and more easily washed than the gelatinous precipitate obtained with aq. 
ammonia. The precipitated hydroxide dissolves in aq. soln. of ammonia, ammonium 
carbonate, or alkali hydroxide. Aq. ammonia or alkali hydroxide does not give a 
precipitate with soln. of gallium salts in the presence of tartaric acid, presumably, 
said L. de Boisbaudran, because complex gallic tartrates are formed. Gallic 
hydroxide is readily soluble in acids, forming soln. of the corresponding salts. 
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§ 7. Gallium Halides 

The fluorides of gallium have not been investigated. According to L. de Bois- 
baudran, 1 gallium forms two chlorides, namely, gallons chloride, or gallium dichloride, 
GaCL ; and gallic chloride, or gallium trichloride, GaCl ;} , Gallous chloride is obtained 
by heating gallic chloride with gallium ; heating an excess of gallium in chlorine ; 
or, in soln., by dissolving gallium in a little cone, hydrochloric acid. When the 
last-named soln. is diluted with water, a soln. of gallic chloride is formed, and 
bubbles of hydrogen gas are given off the gas carries some entrained spray of the 
soln., hence the older suggestion that it is gallium hydride. The white or pale grey 
solid is very hygroscopic, and in air forms deliquescent crystals. The salt melts at 
164°, and boils at 535°. The fused salt is readily under-cooled. According to 
L. F. Nilson and 0. Pettersson, the vapour density between 1 (KK)° and 1100° is 
4*82, and between 1300° and 1400°, 3*5(3 — the theoretical value for GaCL is 4 88. 
W. Hampe found the molten salt is a good electrical conductor — globules of metal 
separate at the cathode, but the chlorine at the anode converts the gallous into gallic 
chloride. According to L. de Boisbaudran, a little water dissolves gallous chloride, 
forming a syrup which has strong reducing properties ; with further dilution, there 
is a vigorous evolution of hydrogen, and a brown gallous oxide is precipitated. 

Gallic chloride is formed by the action of an excess of chlorine or hydrogen 
chloride on the metal at about 210°. The reaction is attended by the evolution of 
much heat. Good crystals were obtained by melting or subliming the product. 
L. M. Dennis and J. A. Bridgman, and T. W. Richards, W. M. Craig, and J. Same- 
shima found that the preparation of gallic chloride by burning gallium in dry chlorine, 
and distilling the product first in chlorine, then in nitrogen, and then in vacuo, gave a 
product whose spark spectrum showed it to be free from other metals. L. de Bois- 
baudran found the m.p. to be 7 5 ■ 5 ^ ; and the b.p., 210°— 215°. The molten salt has 
a tendency to under cooling, it is also readily superheated to 240°, and the liquid 
absorbs dry gases, rejecting them again on cooling. The soln. of chlorine in the 
superheated liquid is yellow. According to W. Hampe, the sp. gr. of the liquid 
at 80 7'80" is 2*3(3. The vapour density of the gas has been determined by L. dc Bois- 
baudran, (', Friedel and J. M. Crafts, and by L. F. Nilson and 0. IVttersson, with 
the average results : 

2:17* 27S“ 307 1 300* 440* lOOOMlOlf 

Vapour density . 11*73 11*9 10*01 8 81 0*52 0*14 5*18 

the calculated value for Ga^Clg is 12* 16 and for GaCl 3 , (>*08. W. Hampe found that 
fused gallic chloride is not such a good electrical conductor as gallous chloride, and no 
metal separates at the cathode “evidently owing to its entering into combination with 
gallic chloride to form gallous chloride.” L. de Boisbaudran found that anhydrous 
gallic chloride is very hygroscopic ; it fumes and deliquesces in air giving off hydrogen 
chloride. It dissolves in a little water with the evolution of much heat to form a 
non-crystallizable syrup; and in an excess of water, the salt is hydrolyzed, furnishing 
a white precipitate — oxychloride —which dissolves but slowly in dil. hydrochloric 
acid. A solu. of gallic chloride in dil. hydrochloric, acid gives a precipitate— oxy- 
chloride — when boiled, and this redissolves as the soln. cools. If a slightly acid 
soln. of gallic chloride is dried at a gentle heat, it furnishes needle-like crystals and 
leaflets which act strongly on polarized light. Gallic chloride volatilizes slightly 
when repeatedly evaporated with hydrochloric acid, or aqua regia. C. Wilgerodt 
found that a little gallic chloride in benzene stimulates the chlorination of the benzene 
by chlorine. 

A neutral or feebly acid soln. of gallic chloride slowly becomes turbid when allowed 
to stand for some time in the cold, and the reaction is rapid on heating. The 
product is considered by L. de Boisbaudran to be gallic oxychloride. He also found 
that a specimen of hydrated gallium chloride, prepared in 1878, and enclosed in a 
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sealed tube, remained unaltered for some time, but was found in 1881 to have changed 
to a mass of small crystals, surrounded by a liquid which had a strongly acid reaction. 
The crystals were small octahedrons with truncated angles, and without action on 
polarized light. They are only slightly soluble in water or nitric acid, but dissolve 
slowly in hydrochloric acid, and immediately in potash. Analysis leads to the 
formula 6Ga0C1.14H 2 0. 

L. de Boisbaudran and E. Jungfleisch found that bromine acts on gallium less 
vigorously than chlorine. They prepared gallons bromide , or gallium dibromide, 
GaBr 2 , and gallic bromide , or gallium tribromide, GaBr 3 , by processes similar to 
those employed for the chlorides. The properties are analogous, but the bromide 
is less volatile. They also found that gallium must be warmed to start the reaction 
with iodine ; they prepared an impure gallons iodide , or gallium diiodide, Gal 2 , as a 
yellowcrystalline mass which melts to a viscid red liquid, and gallic iodide y ot gallium 
triiodide Gal 3) in colourless, needlp-like crystals which readily sublime. Otherwise 
the iodides resemble the chlorides. 
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§ 8. Gallium Sulphides, Sulphates, and Nitrates 

When hydrogen sulphide is allowed to act on a cone. soln. of gallic chloride in 
an ammoniacal soln. of ammonium tartrate, L. de Boisbaudran obtained a precipitate 
which he considered to be gallic sulphide. Hydrogen sulphide does not render 
turbid a slightly acid soln. of gallium chloride or sulphate ; and no precipitate is 
obtained even if acid ammonium acetate is present. The case is quite different if a 
little zinc or other heavy metal is present, and L. de Boisbaudran 1 assumed, without 
proof, that the white precipitate formed by hydrogen sulphide in a soln. of gallium 
acetate containing a little zinc is a mixture of the two sulphides. He said : 

The precipitation of gallium sulphide by hydrogen sulphide in the presence of salts of 
zinc offers a rather curious instance of the effects which are produced in a very large number 
of chemical reactions. If the precipitated sulphides, obtained in soln. prepared by the 
successive addition of zinc chloride to a soln. rich in gallium, be examined by the spectro- 
scope, it will be seen that they appear to remain at first almost constant, or at least to 
decrease slowly, then more and more rapidly until the ray (laa 4 17- 1 is no longer visible. 
Thus, the quantity of gallium precipitated by zinc sulphide does not seem to be a function 
of the cone, of the liquid. Within certain limits it seems to be ulmost in proportion to the 
amount of zinc sulphide formed. Is there not here an indication of a combination between 
the two substances, or perhaps more probably a surface-attraction analogous to the fixation 
of a colouring matter upon a mordant ? 

A. Dupr6 dissolved his gallium monoxide in sulphuric acid, and obtained a soln. 
which reduced permanganate, and which did not form an alum with ammonium 
sulphate. He therefore inferred that the soln. contained gallons sulphate, GaS0 4 . 
L. de Boisbaudran prepared gallic sulphate, Ga^SO^.nHaO, by dissolving the metal, 
the oxide, or the hydroxide in sulphuric acid. The slow evaporation of the aq. soln., 
or the cooling of a cone, soln., furnishes crystals in the form of leaflets having a 
pearly appearance, and sometimes grouped in stars or shining masses. The salt is 
very soluble in water ; it is not deliquescent. A neutral aq. soln. decomposes on 
boiling, and if the soln. is sufficiently dilute, very little gallium remains in soln. ; on 
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cooling, the precipitate redissolves. If acetic acid bo present, the boiling soln. does 
not become turbid. Gallic sulphate is soluble in GO per cent, alcohol, but it is 
insoluble in ether. If the soli), be evaporated and dried until the evolution of white 
sulphuric acid vapour almost ceases, an acid gallic sulphite is formed which does 
not lose its solubility in water or dil. alcohol, but it requires a long time to dissolve. 
If heated to redness, gallic oxide is formed. L. F. Nilson and 0. IVttersson found 
the sp. ht. is 0 1 400, and the mol. lit., 61*90. 

L. de Boisbaudran prepared what he called ammonia gallium alum, 
(NH 4 ) 2 S0 4 .Ga4(80 4 ) 3 .24H»0, or dodecahydrated ammonium gallic disulphate, 
NHj(ia(>S() 4 ).>.12H A), by crystallization from a mixed soln. of the component salts. 
It crystallizes in cubes having octahedral faces, and in octahedral with cubic faces. 
The crystals have no action on polarized light, and they resemble in all respects t he 
crystals of othei alums. The soln. can be readily obtained in a supersaturated state ; 
and if a small crystal be kept for some time under water to deprive it of the crystalline 
germs attached to its surface, and then laid in ft supersaturated soln. of ordinary 
ammonia alum, its growth is resumed, and it determines the crystallization of the 
liquid. U. Soret also prepared ammonia gallium alum, as well as ■potash gallium 
alum , K 2 S0 4 Ga 2 (S() 4 ) 3 .‘24H 2 (), or dodecahydrated potassium gallic disulphate, 
KGa(S()jjo 1 2lloO ; ruhuha gallium alum, Rb.>S0 4 .Ga.j(S() 1 ) 3 . 2411. A), or dodeca- 
hydrated rubidium gallic disulphate, HbGafSoJo.FilUO ; and rasia gallium 
alum , <^ 2 S0 4 .(hi 2 (S0 4 ) 3 .2IIL>0, or dodecahydrated caesium gallic disulphate, 
CsGa(S() 4 )...I2lL(), by crystallization from a soln of the component salts. ('. Soret. 
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There was no optical anomaly with the potash and ammonia gallic alums ; the 
refractive index of ciesia gallic alum is smaller than that of rubidia gallic alum, a 
result also observed with the chromic alums. The sp. refraction of rubidia gallic 
alum by J. H. Gladstone is 0*2318; the molecular refraction is 269*63; and the 
sp. dispersion is 0*077. L. de Boisbaudran found ammonia gallic alum is soluble m 
water and dil. alcohol.' According to L. M. Dennis and .1. A. Bridgman, at 25°, 
100 c.e. of a sat. aq. soln. contain 30*84 grms. of ammonia gallic alum, or 1*51 grms. 
of cassia gallic alum ; or one part, of the ammonia or ciesia salt, dissolves respectively 
in 3*24 and 66*2 parts of water. One part of the ammonia or emsia salt dissolves 
respectively in 4600 and 25,800 parts of 50 per cent, alcohol at 25°, or 100 c.c. of 
the soln. contain 0*0217 and 0*00387 grm. of the respective alums. One part of 
ammonia gallic alum dissolves in 1 1,400 parts of 70 per cent, alcohol at 25°, and one 
part of ciesia gallic alum in 28, 000 parts of 70 per cent, alcohol, or 100 c.c. of the soln. 
contain 0*00875 and 0*00356 grm. of the respective alums. One part of ammonia 
or ca?sia gallic alum dissolves respectively in 020 or 4384) parts of a soln. containing 
30 c.c. of water, 50 c.c. of absolute alcohol, and 15 c.e. of cone, sulphuric acid at 25°. 
A cone. soln. of ammonia gallic alum becomes slightly turbid on boiling, and clears 
completely on cooling. When the soln. is very dil. the boiling causes the formation 
of an abundant white precipitate ; this is probably a basic salt.. If filtered when 
hot., only traces of gallium remain in the liquid. The precipitate may then be washed 
over the filter, at first with boiling, then with cold water, without sensible loss of 
gallium, but if it is left in contact with the mother liquor it is completely redissolved 
vol. v, . 2 o 
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on cooling. The dil. soln. of gallium alum does not become turbid on boiling if 
a little sulphuric acid is added. A certain quantity of acetic acid produces the same 
effect ; doubtless an equilibrium is then maintained between the ammonium acetate 
and the sulphate, and the small portion of sulphuric acid set at liberty holds the 
gallium sulphate in soln. If an aq. soln. be allowed to stand for some time in an 
open vessel, a basic salt is precipitated which rapidly dissolves in hydrochloric acid, 
and slowly in sulphuric acid. 

Gallium carbonate has not been prepared. Gallic nitrate, Ga(N0 3 ) 3 , is formed by 
dissolving the metal, oxide, or hydroxide in nitric acid ; A. Dupre 2 prepared it by 
heating the metal with monohydrated nitric acid to 40°-50°. The nitric acid soln., 
after being deprived of a part of its acid over the open fire, was heated in a stove to 
1 10°, when a commencement of decomposition was manifested. The salt, partly 
decomposed, was then taken up in water, evaporated to a syrup on the water-bath, 
and placed, whilst cooling, in a desiccator. The nitrate then forms a white compact 
mass, very deliquescent, and giving off an odour of nitric acid, which, as well as the 
moisture, may be removed in a vacuum, or in a current of dry air at 40°. The 
dry nitrate, heated to 200° in a current of dry air, loses 63 8 per cent, of itc weight ; 
gallic oxide remains. Gallium phosphate has not been studied. 
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CHAPTER XXXV 

INDIUM 

§ 1. The History and Occurrence of Indium 

In the summer of 18G3, F. Reich and T. Richter 1 examined two zinc blendes from 
Freiberg. These ores had been freed from the greater part of their arsenic and 
sulphur by roasting, and the residue was evaporated to dryness with hydrochloric acid 
and distilled. The crude zinc chloride so obtained was examined with the spectro- 
scope for thallium since that element has been previously found in similar ores from 
the Freiberg mines. Instead of the thallium lines, however, they obtained an 
indigo-blue line. After the crude product had been purified, the spectrum showed 
an intense indigo-blue line, and a second fainter blue line. The new metal was 
named indium from the indigo-blue lines of its spectrum. I*. E. Browning has 
compiled a bibliography of the literature of this element. 

Indium does not occur native. According to W. Vernadsky, and W. N. Hartley 
and H. Ramage, the element is widely distributed, but in very minute quantities. 
J. H. L. Vogt, and F. W. Clarke and H. S. Washington estimate that the ten-mile 
crust, the hydrosphere, and the lithosphere of the earth contain (HXXXXXXXbr per 
cent, of indium. It occurs in numerous zinc blendes. F. Reich and T. Richter 
reported 0-1 per cent., and T. Richter 0 025 to 0 04 per cent, in the blende from 
Freiberg; J. Kachler reported it in a blende, from Schlaggenwald (Bohemia); 

N. S. Maskelyne, in a blende from Durham ; C. Winkler found 0*0062 per cent, on 
christophite, a zinc blende from Breitenbrun (Saxony) ; II. B. Cornwall, F. L. Bart- 
lett, and W. F. Hillcbrand and J. A. Scherrer, in American zinc blendes ; and 

O. Rimatori, in Sardinian zinc blendes to the extent of 0*1231 per cent. F. Reich and 
T. Richter found indium to follow the zinc in the extraction of the last-named element 
from its ores. C. Winkler found 0*0448 per cent. ; and R. E. Meyer, 0 01 42 per cent. 
G. Urbain examined the ultra-violet spectrum of 64 samples of zinc blende, and 
found indium to be present chiefly in those blendes containing little or no germanium. 
A. del Campo y Cerdan found indium in 37 of the G8 samples of zinc blende ; in 
29 cases he found gallium, indium, and germanium to be present; gallium and 
indium were present in 4 cases, and indium alone in one specimen. In no case did 
germanium and indium occur together in the absence of gallium. W. N. Hartley 
and II. Ramage have discussed the occurrence of indium in zinc blendes. R. Bottger 
found 01 per cent, of indium in the flue-dust of the Goslar zinc works ; and A. Thiel, 
O' 2 per cent, in the flue-dust of the lead works at Clausthal. B. Delachanel and 
A. Mcrmet, P. E. Browning and H. S. Uhler, and A. Strong found indium in some 
zinc residues and furnace products. For an indium-gallium alloy from zinc furnaces 
—vide gallium. J. A. Tanner found indium to be contained in smithsonite from 
Virginia and Tennessee ; A. and G. de Negri found it in calamine from Oriela 
(Bergamo) ; and J. B. Kirkland, in zinc ore from Peelwood (New South Wales). 
A. Thiel found indium in copper from Oker. F. Hoppe-Seyler found about 0 0228 
per cent, of indium in wolframite from Zinnwald, but E. A. Atkinson did not find it 
in other wolfram ores. W. N. Hartley and H. Ramage examined about 168 samples 
of iron-ore bauxites, etc., .and found indium to be present in thirty— notably the 
sideritee, manganese ores, and tin ores. J. N. Lockyer found that indium lines 
are present in the solar spectrum. 
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§ 2. The Extraction of Indium 

F. Reich and T. Richter 1 extracted indium from black blende from the Himrnel- 
fahrt mine of Freiberg, by the following process. The yield was 0*1 per cent. 

Finely powdered blende in dissolved in nitric acid and the sola, treated with hydrogen 
sulphide. In this way copper, lead, arsenic, (in, cadmium, and molybdenum are precipi- 
tated, and then separated by filtration. The filtrate is afterwards treated with a large 
excess of ammonia by which the greater part of the zinc is separated in soln., and indium 
oxide and other metals precipitated. The washed precipitate is now dissolved in acetic 
acid, and this soln. again treated with hydrogen sulphides, whereby indium sulphide con- 
taminated with some iron, /me and manganese sulphide, is throw'll down. This preeipitato 
is dissolved in hydrochloric acid with a little mine acid, excess of ammonia is again added, 
and the precipitate rapidly filtered and washed. It is advisable to repeat this operation 
in order to remove the last traces of zinc and manganese. On dissolving this second pre- 
cipitate in acetic acid, and treating the soln. with hydrogen sulphide, a beautiful yellow' 
preeipitato of indium sulphide is obtained, which, however, still contains some iron. To 
separate this, the sulphide is again dissolved in hydrochloric acid, the soln. oxidized with 
nitric acid, and then, by the careful addition of ammonia or sodium carbonate, a small 
quantity of indium oxide and tlio iron may he thrown down. The filtrate from this pre- 
cipitate on the further addition of ammonia yields puro hydrated oxide ; or, if treated with 
Bodium carbonate at a boiling heat, givos a puro indimn carbonate. 

L. de Boisbttudran noted that when zinc blende is roasted, most of the indium 
remains in the residue. (J. Winkler roasted the blende to convert the indium and 
zinc into sulphates. The product was extracted with water, and the soln. boiled 
with zinc. The indium, copper, cadmium, lead, etc., are precipitated as metals. 
The indium is isolated as in the extraction of indium from zinc. A. R. von Sc.hrotter, 
F. Stolba, ?. Weselsky, C. Winkler, and E. Jungfleisch have also discussed processes 
for the extraction of indium from zinc blende. 

T. Richter dissolved the indiferous zinc in hydrochloric acid, and treated the soln. 
as in the case of zino blende. C. Winkler employed the following process : 

The zino was treated with a quantity of dil. sulphuric acid insufficient to dissolve all the 
metal ; after standing some weeks, a spongy mass of lead, copper, arsenic, iron, indium, 
cadmium, and zinc remained. 10 kgrms. of metal gave 208 grms. of residue which contained 
4-312 grms. of indium. The product was mixed with cone, sulphuric acid, and heated 
strongly so as to volatilize most of the acid. The resulting gre/ish- white mass was extracted 
with water. The sulphates of copper, cadmium, zinc, iron, and indium pass into soln. 
The addition of ammonia precipitates indium hydroxide contaminated with hydroxides of 
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iron, zinc, and cadmium. The washod precipitate was dissolved in a little hydrochloric 
acid, the ferric iron reduced to ferrous chloride by sulphur dioxide, and the indium 
hydroxide precipitated from the soln. by barium carbonate. C. Winkler also separated 
the iron from the indium by treating the soln. with an eq. amount, of sodium chloride, and 
evaporating it to dryness. The product uns extracted with cold water, and the soln. 
treated with hydrogen sulphide. To eliminate the iron, it is necessary to dissolve the 
indium sulphide m hydrochloric acid, and repeat the ojiemtion a number of times. The 
*so!n. is finally treated with ammonia to precipitate indium hydroxide. 

The separation of indium from indiferous zinc has been discussed by U. E. Meyer, 
and H. Bossier and (’. Wolf; from the flue-dust of zinc furnaces, by K. Bbttger, 
F. L Bartlett, and ('. Winkler ; and from the Hue-dust of lead furnaces, by A. Thiel. 

t 1 . J. Bayer obtained the oxide by treating indiferous zinc with insufficient 
hydrochloric acid to dissolve the metal. After standing for some days, the spongy 
residue is washed, dissolved in nitric acid, and the soln. evaporated with a slight 
excess of sulphuric acid. When the filtered soln. is treated with ammonia, indium 
and ferric hydroxides are precipitated. The washed precipitate is dissolved in 
hydrochloric acid, and the nearly neutral soln. boiled with an excess of sodium 
hydrosulphite ; a fine crystalline powder of basic indium sulphite is precipitated. 
The product is purified by dissolving it in sulphurous acid, and on boiling t he filtered 
soln. the basic sulphite free from iron is again precipitated. The basic sulphite is 
dissolved in sulphuric acid, and indium hydroxide precipitated by the addition of 
ammonia. K. ('. Mathers dissolved the impure hydroxide in hydrochloric acid; 
mixed the soln. with ammonium chloride ; and precipitated with ammonia. Three 
or four repetitions of the operation remove the zinc, an excess of potassium thio- 
sulphate was added to the hydrochloric acid soln., and the mixture extracted with 
ether. Kerne thiocyanate was removed. The uq. soln. was treated with ammonia 
for indium hydroxide. (’. Benz, and L. M. Dennis and W. ('. (leer separated indium 
from iron and aluminium chlorides bv treating an alcoholic soln. of the anhydrous 
chloride with pyridine when a colourless precipitate of indium pyridine chloride, 
In('l ; ,.3(yi 5 N, was obtained ; the iron and aluminium chlorides remained in soln. 
A. Thiel purified the oxide by transforming it into the bromide. lnBr ;< , and subliming 
the product in a stream of carbon dioxide t hr ferrous bromide remains behind. 
A. Thiel, and F. ('. Mathers also purified indium by tin* fractional electrolysis of a 
soln. feebly acidified with nitric acid. 

F. Hnch and T. Richter, R. Bottger, and (\ Winkler found that indium oxide, 
can lx* reduced to the metal by beating it in a stream of hydrogen, or coal gas. 
I 1 . Winkler obtained the metal by heating the oxide with sodium under a layer of 
sodium chloride. If the metal be reduced with sodium, the alloy of sodium and 
indium is decomposed by water, and the remaining indium is fused under a layer of 
sodium carbonate, or potassium cyanide ; he did not recommend i educing the 
chloride with sodium, because of the violence of the reaction. If the oxide be 
reduced by heating it with carbon, so high a temp, is required that some metal is 
lost by volatilization. H. Bossier and Wolf precipitated indium by placing zinc 
in a soln. of the chloride. L. Schucht obtained indium by the electrolysis of soln. 
of the sulphate. L. M. Dennis and W. C. (leer found that indium is readily pre- 
cipitated by the electrolysis of a soln. of the chloride or nitrate in pyridine, hydroxyl- 
amine, or formic acid ; if oxalic acid or oxalates are present, the precipitation is 
incomplete ; and in the presence of acetates, the deposited metal is spongy. They 
recommend the following process: Indium oxide is dissolved in the calculated 
quantity of fhV-sulphuric acid, and mixed with 25 e.e. of formic acid of sp. gr. 12, 
and 5 c.c. of aq. ammonia, sp. gr. 0*908. The soln. is made up to 200 e.e. and 
electrolyzed with a current of 9 -12 amp. In the absence of formic acid, the platinum 
cathode is attacked. A. Thiel electrolyzed a soln. feebly acidified with nitric acid 
with a current of 0*8 amp. at 3 volts to precipitate the copper, lead, and antimony ; 
after adding some ammonium sulphate, indium is deposited with a current of 5 volts. 
L. 0. Kollock and E. F. Smith determined indium by deposition with a mercury 
cathode, or from warm cyanide or tartrate soln. with a rotating anode. 
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§ 3. The Physical Properties of Indium 

F. Reich and T. Richter 1 found indium to be a silver-white metal with a colour 
which C. Winkler likened to that of platinum. T. Carnelley discussed the relation 
between the colour of indium compounds and the position of the metal in the periodic 
table. A. Thiel and A. Sachs found that the electro-deposited metal furnishes 
octahedral crystals belonging to the cubic system. The crystals are isomorphous 
with gallium and aluminium, but not with zinc. According to E. C. Bain, and 
A. W. Hull, the X-radiogram of indium corresponds with that of the face-centred 
tetragonal lattice with sides 4-58 A., and closest approach of the atoms 3 33 or 
3 24 A. According to F. Reich and T. Richter, the specific gravity of the metal 
which has been fused is 7*128 at 20*4°, while the rolled metal has a sp. gr. 7*277 at 
20*4°. A. Ditte gave 7* 15, and 0. Winkler 7*362 (15°) for the sp. gr. of the metal ; 
(J. Winkler later gave 7*421 at 16*8°, and 7*422 for the hammered metal. A. Thiel 
found the sp. gr. of the crystals to be 7*12 at 1374°. T. W. Richards and 
J. H. Wilson gave 7*277 at 20° ; and T. W. Richards and J. Sameshima, 7*310 at 20° ; 
E. Donatli and J. Mayrhofer discussed the at. vol. C. Winkler said that the melted 
metal can be frozen in a thin-walled glass tube without cracking the tube or showing 
any appreciable change in volume ; he also said that the metal is much softer than 
lead, very ductile, and 'can be rolled to the thinnest foil. S. Bottone represented 
the hardness by 0 0984 on his scale ; for lead his value is 0*057. C. A. Edwards 
gave 1*0 for Brinell’s hardness ; and 1*28 for the plasticity number when that of 
copper is 49*3. A. Thiel found that the metal is soft enough to yield under pres- 
sure by the fingers. W. C. Roberts-Austen found the tensile strength of indium 
with 0 29 per cent, of impurity to be 7*99 tons per sq. in. ; the elongation on 
3 ins., 26*5 per cent. ; and the reduction of area at the fracture, 72 per cent. 
N. S. Kurnakoff and S. F. Schemtschuschny gave 3*06 kgmis. per sq. mm. for the 
flowing press. T. W. Richards and J. Sameshima found the compressibility 
of indium at 25° over a range from 100 to 500 megabars, to be 0*0000027, or 
about two-thirds that of mercury. H. Fizeau found the cocff. of thermal expansion 
to be 0*0000459. According to C. Winkler, the melting point is 176°, while 
A. Thiel gave 155° ±1° — and W. R. Mott, 155*0°-— W. Guertler and M. Pirani give 
this as the best representative value. According to C. Winkler, indium is less 
volatile than zinc or cadmium, and it shows no signs of volatilization when heated 
to the softening temperature of glass in a stream of hydrogen. A. R. von Schrotter 
sublimed the metal by heating it in a stream of hydrogen ; and J. N. Lockyer, by 
heating it in vacuo. A. Ditto said the metal boils at a red heat. W. R. Mott gave 
1450° for the boiling point. M. Lemeray, and H. F. Wiebe studied the relation 
between the m.p. and the thermal expansion. R. Pohl and P. Pringsheim made 
mirrors of indium by condensing the vapour on quartz plates. C. T. Heycock 
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and F. H. Neville measured the lowering of the f.p. of sodium by indium. 
R. W. Bunsen gave 0 05695 for the specific heat between 0° and 100° ; D. I. Men- 
dehieff found 0 055. A. Ditte gave the value 37*502 Cals, for the heat o! combus- 
tion of one eq. of indium. 

According to F. Reich and T. Richter, the Bunsen flame is coloured bluish-red by 
indium salts and the flame spectrum gives two lines 1511*55 and 4101*95, Fig. 1, 

45H;55 4101-95 
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bfiOO 

Fio. 1. — Lino Spectrum of Jrulium. 

which lie close to the violet potassium line. The 4101*95 line, however, is observed 
only when a large excess of indium is present. The flame spectrum does not persist 
very long because of rapid volatilization in the gas-flame. The spark spectrum 
furnishes these two lines, and in addition a number of other lines, r the more important 
of which are 3256*22, 3039*46, 2941*39, 2890*35, 2710*39, 2306*20,' etc. W. N. Hartley 
and H. Ramagc observed a band spectrum in the oxy-hydrogen flame. According 
to E. Cappcl, i^ooo'th mgrm. of indium can be detected from the spark spectrum of a 
soln. S. Wleiigl said that “jth mgrm. is the smallest amount of indium which can 
be recognized spectroscopically. F. Hoppe-Scyler discussed the testing of minerals 
for indium by means of the spectroscope. Photographs of the spectra have been 
made by R. Capron, W. N. Hartley, etc. The flame spectrum has been studied by 

L. de Boisbaudran, W. N. Hartley and II. Itamage ; the spark spectrum, by 
A. de Gramont, W. Schulemann, A. Hagenbach and H. Konen, A. R. von Sehrotter, 
J. Muller, C. Wmkler, R. Thalen, L. de Boisbaudran, A. W. Clayden and C. T. Hey- 
cock, W. N. Hartley, E. Demar^ay, F. Exner and E. Hasehek, and J. M. Eder and 
E. Valenta ; the arc spectrum, by H. Kayser and 0. Runge, H. 8. Uhler and 
J. W. Tanch, F Exner and E. Hasehek; and the ultra-violet spectrum, by F. Exner 
and E. Hasehek, J. L. Sehonn, etc. The series spectra were studied by A. Fowler, 
and J. A. Carroll. The e fleet of temperature has been investigated by E. Cappcl ; 
and the effect of pressure by ,1. F. Mohlcr, and W. J. Humphreys. The absorption 
spectrum of the vapour of indium has been studied by J. N. Lockyer and 
W. C. Roberts-Ansten, and \V. Grotrian. G. JJ. Liveing and J. Dewar. According 
to J. Formanek, soln. of colourless indium salts give no absorption spectrum ; 
but if the soln., not too dil., is mixed with tincture of alkanna, the colour 
gradually becomes reddish-violet, and bands appear about 5961, 5537, and 
5168. The structure of the spectrum has been studied by H. Kayser and 

O. Runge, W. Grotrian, P. G. Nutting, W. M. Hicks, F. Paschen and K. Meissner, 
etc. According to the former, the two subordinate series have the pairs of 
lines 108A-1 --- 41515*4— 13908n~2— 131 1032W 4 ; KM* 1 = 46728*6 - 139308ir* 
— 13U032n~ 4 ; and 10^-1=44535 0- 126766n-2-643584n- 4 ; 10«A 1 -46748*2 
— 126766«r 2 — 643584 a~ 4 . The relations between the Bpcetra of aluminium, 
indium, and thallium are illustrated by Figs. 26 and 27, 5. 33, 4. E. Friman 
studied the high frequency or X-ray Spectrum. F. C. Blake and W. Duane, and 

M. Siegbahn gave in Angstrom units, or 10” 8 cm. units; for the A-serics, 

a> z a' -=0*515 ; a} a “0*510 ; =0*453 ; and &y=0*440; for the L-series, 

D. Coster, E. Hjalmar, and M. Siegbahn gave a 2 a=3*77242 ; a^— 3*76367, 
a 3 a ,, =3*74991 ; /3 A /3 =3*54 783 ; j3 2 y=3*332; and y, 8=3*15529. R. Tohl and 

P. Pringsheim studied the photoelectric effect of indium. F. L. Mohler and 
A. E. Ruark gave for the ionization potential, 2p 2 =5*761, and 2p x — 5*488 ; and for 
the resonance potential, 2p 2 -2^=0*273 ; 2» 2 -2#=3*009 ; and 2 p 2 -3rf,,2“4‘Ofl* 

The atomic refraction of indium in combination was found by J. H. Gladstone 
to be 13*7, and later he gave 17*4. T. Erhard found the specific resistance, If, of 
indium wires to be 8*37 x 10“® ohms at O’ ; and A. W. Smith gave : 
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24*1° 80*4° 121*4° 142*7° 154*0° 181*5° 222*0° 280*2° 

U x 1U # . . 9*27 11*48 13*09 14*63 29*10 30 11 31 *87 34* 8 < 

— - Uquid 

or R— 0*08903(1 | 0*0047140) mercury units. There is a break in the curve in 
passing from the liquid to the solid state, and the resistance of each varies linearly 
with the temp., and is less with the liquid than with the solid. H. Schulze, and 
T. Erhard found 4*77 xIO -3 for the temp, coelf., {dRjdB)R q, of the resistance of 
indium between —5*4° and 96°; and they gave /f— 8*370 x lO~ 6 (l-j-O*OO47440). 
P. W. Bridgman found 4*07 X 10" 3 ; and A. W. Smith gave 5*24 X 10" 3 for the temp, 
coelf. of the solid, and 3*98 X 10” :J for that of the liquid. W. Tuyn and H. K. Onnes 
showed that the metal becomes superconducting in the vicinity of 3*407 K. to 
3*409° K, 1*. W. Bridgman observed that with indium under different press, the 
press, coelf. of the electrical resistance is : 

Pressure co«*llicl<*ut 


H 0 k«rm 12U0U kferms. per s<| cm A\crage 

1*0000 -■ 0 0* 1220 - 0*0 # 89l — 0*0 4 1021 

1*1002 1297 890 1051 

1*2015 1308 911 1081 


0 ° 

25° 

50° 


This shows that the average press, coeff. increases linearly with temp., but the increase 
is less than one-third as much as the increase of resistance; the departure from 
linearity increases at the higher temp, more rapidly than the initial resistance. 

T. Erhard found that the thermoelectric force of indium soldered with different 
metals when the temp, of the cold and hot junctions are respectively 0° and 98*6°, is 
in the order - Al, Sn, In, Zn, Ag, An, Cu, Fe+ ; while with the cold and hot junctions 
respectively 0 ' and 5° or 10°, the order is -^Al, Sn, Au, Zn, In, Ag, Cu, Fe-f*. Indium 
is electronegative to zinc, and electropositive towards iron and copper ; A. R. von 
Schrbtter found indium to he more 1 electronegative than zinc or cadmium; and A. Thiel 
said that tin* solution pressure of indium is from 10 2 to 10 s atm., being between that 
of iron and of lead. T. Erhard found that the electromotive force of the cell 
In | lnCl 3 , MGL | M, is 0*381 Daniell units for M- Zn; 0*160 for M Fe; and 0*584 
for M ---Cu. A. Thiel measured the potential of indium — with a decinormal calomel 
electrode 0*620 volt against molar, tenth-molar, and hundredth-molar soln. of 
indium chloride, and found it to he respectively 0*094. 0*108, and 0* 1 1 9 volt at 25°. 
The metal is negative to the soln. According to M. Owen, indium is diamagnetic ; 
and K. Honda said that the magnetic susceptibility at 18° is about —0*1x10"° 
mass units. 
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§ 4. The Chemical ‘Properties of Indium 

According to .J. N. Lockyer, 1 when indium is heated in vacuo, occluded hydrogen 
is evolved. No inthmn hiplndc has been found. (\ Winkler stated that when 
indiferous hvdrocldorie or sulphuric acid is treated with zme, the evolved hydrogen 
does not burn with an indium-coloured flame, nor when the gas is obtained by the 
action of the acid on indiferous zme or on indium K. Reich and T. Richter found 
that if indium oxide is reduced by hydrogen, the issuing gas burns with a violet-blue 
flame ; according to (\ Winkler, tin- coloration persists if the ga" be passed through 
dil. acids; and if the gas he confined over water for some hours, a grey film is 
deposited on the walls of the vessel, and the gas then burns without giving the 
coloration. It is probable that these effects are produced by particles mechanically 
suspended in the gas. The blue colour acquired by indium sesquioxide, I n 2 ( ) ;i , 
wlicii partially reduced in a stream of hydrogen, is attributed by A. Thiel to the 
formation of an intermediate oxide, lnO or 1 iwO 

According to F. Reich and T. Richter, indium retains its lustre in air and even 
under boiling water. A. Tlnel found that when the metal in contact with water is 
exposed to air, sonic hydroxide is formed in a few hours. The metal, however, is 
not affected by dry air at ordinary temp. Indium retains its lustre when heated to a 
temp, a little above the m.p., u Him of the monoxide is then formed, and at a still 
higher temp., the sesquioxide is formed ; at a red heat, in air, or oxygen. A. Ditto 
found that indium burns with a blue flame, forming indium trioxide, Jn 2 0 3 . Indium 
unites directly with the halogens when warm ; and when heated with sulphur, the 
elements unite with incandescence. F. Reich and T. Richter found that indium 
dissolves slowly in cold dil. mineral acids, but more rapidly when heated hydrogen 
is evolved and a salt of the metal formed. According to ('. Winkler, with cone, 
sulphuric acid in the cold, hydrogen is evolved and anhydrous indium sulphate 
separates out; with hot cone, sulphuric acid, sulphur dioxide is evolved; with cone, 
hydrochloric acid, the metal rapidly dissolves with the evolution of hydrogen. 
According to C. Winkler, the action of cold nitric acid is slow, rapid when heated, 
and nitric oxide is evolved. According to J. J. Ackworth and II. E. Armstrong, 
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ammonia is found among the products of reduction with nitric acid. Indium is not 
attacked by a soln. of potassium hydroxide. According to C. Winkler, acetic acid 
does not dissolve indium, but it is dissolved by a soln. of oxalic add. 

C. T. lleycock and F. H. Neville found that indium readily alloys with sodium; 
and W. C. Roberts-Austen, with gold. T. W. Richards and J. H. Wilson prepared 
indium amalgams and measured the sp. gr. at 20°, and the potential of cone, cells. 
J. H. Hildebrand studied the vap. press, of these amalgams. L. de Boisbaudran 
studied alloys of gallium and indium in the atomic proportions, In : Ga -2 : 1, 1 : 1, 
1 : 2, and 1 : 4. P. E. Browning and H. S. Uhler obtained an alloy of sp. gr. 5'95 
at 20 '; m.p. 29\5°; and when heated in vacuo at 1600°, the indium distils off. 
The alloy is only slightly attacked by acids, or alkali-lye. N. S. Kurnakoff and 
N. A. Puschin studied the alloys of lead and tin ; and A. Thiel noted that when 
indium is electrolytieally deposited on platinum an alloy is formed. 

Many indium salts are readily formed by dissolving the oxide, hydroxide, or 
carbonate in acids. According to L. F. Nilson and 0. Pettersson, indium behaves 
as a bi- and tcr-valent clement ; some ill-defined univalent indium salts — halides, 
oxide, and sulphide --have been reported. The tervalent indium salts are alone 
stable in aq. soln., and, according to A. Thiel, the indium salts are much hydrolyzed 
in aq. soln., but to a less extent than gallium, showing that tervalent indium forms a 
stronger base than gallium. A. Ditte said that zinc and indium are related very inti- 
mately — the two metals occur together, and they resemble one another very closely 
in their analytical reactions — and in emphasizing this relationship, F. Reich and 
T. Richter stated that they had failed to prepare an alum, but 0. Soret, P. C. Chabrid 
and E. Rengade, and II. Rossler showed that indium alums can be readily formed. 

Reactions Of analytical interest.— Indium sulphate, nitrate, and chloride aro 
colourless solids readily soluble in water.* According to F. Reich and T. Richter, 
and 0. Winkler, when the aq. soln. of an indium salt is treated with a soln. of potas- 
sium or sodium hydroxide, or ammonia, white indium hydroxide, In(OH) 3 , is 
precipitated ; the presence of tartaric acid retards the precipitation, but 
G. Wyroubolf noted the precipitation by alkalies does occur even in the presence of 
an excess of tartaric and similar acids. 0. Winkler, and F. Reich and T. Richter 
found that the precipitate is peptized to a turbid liquid when treated with a soln. 
of potassium or sodium hydroxide, and when the alkaline soln. is boiled, or when 
treated with ammonium chloride, indium hydroxide is precipitated. The precipitate 
is not dissolved by aq. ammonia. According to A. Thiel and H. Kolsch, in quanti- 
tative work the precipitated hydroxide is best heated in the blast gas-flame, and 
weighed as sesquioxide. According to C. Renz, indium salts, like those of zinc, mag- 
nesium, and copper, are quantitatively precipitated by heating with organic bases 
like diniethylamine, guanidine, and piperidine ; and L. M. Dennis and W. C. Geer 
obtained gelatinous indium hydroxide by treatment with a soln. of hydroxyl- 
amine. J. F. Spencer and M. L. Wallace found that the reaction of indium salts 
with organic halides is slower than is the case with aluminium salts. According to 
C. Winkler, and F. Reich and T. Richter, white gelatinous indium carbonate 
is precipitated by a soln. of sodium or ammonium carbonate; the precipitate 
is soluble in an excess of a soln. of ammonium carbonate, but when the 
soln. is boiled, indium carbonate is re-precipitated ; it is not soluble in a soln. 
of potassium or sodium carbonate. Sodium hydrocarbonate behaves like the 
normal carbonate. When a cold soln. of an indium salt is digested with barium 
carbonate, a basic carbonate of indium is precipitated, and this enables indium 
to be separated from zinc, manganese, cobalt, nickel, and ferrous salts. According 
to C. Winkler, a soln. of sodium hydrophosphate gives a white voluminous precipitate 
which forms a turbid soln. with potassium hydroxide lye ; oxalic add and th$ 
alkali oxalates added to a cone, neutral soln. give a crystalline precipitate ; 
R. E. Meyer found sodium succinate and formate behave towards neutral indium 
salt soln. as in the case of ferric salts — precipitation begins with the formate in the 
cold. According to F. Reich and T. Richter, potassium ferrocyanide gives a white 
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precipitate, and potassium chromate a yellow precipitate ; but no precipitation 
occurs with soln. of potassium ferricyanide, thiocyanate, or dichromate. When 
a soln. of an indium salt is mixed with sodium acetate, and boiled, basic indium 
acetate is precipitated. F. Reich and T. Richter, and 0. Winkler found that when 
a neutral soln. of an acetic acid soln. of an indium salt is treated with hydrogen 
sulphide, all the indium is precipitated as yellow sulphide, ln 2 S 3 ; soln. strongly 
acidified with mineral acids do not give a precipitate until they are diluted. When 
an alkaline soln. of an indium salt is treated with hydrogen sulphide, or when a 
neutral soln. is treated with ammonium sulphide, a .white precipitate of indium 
hydrosulphide, or ammonium indium sulphide is fohned ; yellow indium sulphide 
becomes white and partially dissolves when boiled with yellow ammonium sulphide, 
and, on cooling, the soln. deposits the white precipitate. According to R. E. Meyer, 
colourless ammonium sulphide does not dissolve the hydrosulphidc ; similarly, 
potassium hydrosulphide, KHS, ill excess does not dissolve the precipitate, but 
potassium monosulphide, KoS, gives a yellow precipitate with soln. of indium salts, 
and the precipitate forms a colourless soln. with an excess of the reagent. This soln. 
is not changed by acetic acid, but a little hydrochloric acid precipitates the yellow 
sulphide, which dissolves when more acid is added ; sulphur dioxide precipitates 
from the soln. white hydrosulphide mixed with some sulphur ; boiling does not alter 
the soln. ; and exposure to air results in the oxidation of the potassium mono- 
sulphide, and the precipitation of yellow sulphide. According to (\ Winkler, when 
sodium thiosulphate is treated with a neutral soln. of an indium salt, a precipitate of 
indium sulphite and sulphur is formed, and when boiled, a basic sulphate is formed ; 
with acid soln., sodium thiosulphate forms yellow indium sulphide, but most of the 
indium remains in soln. : and with acetic acid soln., all the indium is precipitated as 
basic sulphate. 0. Brunck found sodium hyposulphite gives no precipitate with acid 
soln. of indium salts, but when boiled with neutral soln., yellow indium sulphide is 
precipitated. According to R. E. Meyer, hydrocyanic acid precipitates no cyanide 
from soln. of indium sulphate and the behaviour thus differs from soln. of zinc 
and cadmium salts ; potassium cyanide gives a white precipitate, soluble in excess ; 
by much dilution, the soln. is decomposed after some time, and indium hydroxide is 
precipitated when the dil. soln. is boiled ; cone. soln. are coloured brown by this 
treatment owing to the formation of decomposition products of the cyanide. 
According to F, Reich and T. Richter, indium is precipitated from its salt soln. by 
zinc or cadmium. F. (’. Mathers obtained a quantitative separation from iron 
by precipitation of the latter with nitroso-j3-naphthol. A. (J. Huyssc used the 
ready formation of octahedral crystals of caesium indium alum as a mierochemtcal 
test ; and I\ Kley, the formation of crystals of the double chloride of indium and 
rubidium or caesium. The analytical reactions of indium have been studied by 
I. Wada and S. Ato. 2 

The atomic weight of indium. -In 1804, J. A. R. Newlands 3 predicted that 
when the eq. of indium is determined, it will be found to bear a simple relation to 
the elements of the group to which it will be assigned. F. Reich and T. Richter 
shortly afterwards obtained the value 76 on the assumption that the metal is a 
dyad, but D. I. Mendeleeff and L. Meyer argued that the metal must be a triad, 
at. wt. 114, if it is to fit naturally in the periodic table ; and L. Meyer showed that 
if indium is a triad it likewise fits the at. vol. curve. The sp. hts. also fit Dulong 
and Petit’s rule if the element be a triad. The indium alums are isomorphous 
with the corresponding alums of aluminium, gallium, and thallium. L. Benoist 
found that the transparency of the elements to the X-rays is independent of 
its state of aggregation, or temp., and whether the element is free or combined ; 
and when the eq. transparencies of the elements are plotted against the at. 
wt., a hyperbolic curve is obtained. R. Benoist found that with an at. wt. 
about 114, the eq. transparency of indium obtained by observations on the 
free element and on indium acetylacetonate, fitted in the curve. The spectro- 
scopic method of C. Runge and J. Precht for estimating at. wt. by plotting the 
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ordinates as logarithms of the at. wt., and the logarithms of distances apart of 
the pairs of series spectral lines gave W. M. Watts an at. wt. approximating 114— 
vide Figs. 26 and 27, 5. 33, 4. F. L. Nikon and (). Pettcrsson determined the vapour 
density of the chlorides , and obtained results in agreement with the mol. formulae 
I nCl, In(U 2 , and InCl 3 . According to Avogadro’s rule, this makes the at. wt. of 
indium nearly I 15. I*. C. Chabrie and E. Rengade found that the raising of the b.p. 
of soln. of indium aeetylacetonatc, In{(CH :l CO) 2 : CHJ 3 , in ethylene bromide gave a 
mol. wt. 405 when the theoretical value for tervalent indium is 410. C. T. Heycock 
and F. H. Neville measured the lowering of the f.p. of sodium, tin, lead, and bismuth 
by indium ; the result with tin corresponded with a diatomic molecule, In 2 ; and 
the result with sodium, with a monatomic molecule, In. It is assumed that no 
complexes are formed. From the change in the electrical resistance and the thermal 
expansion, W. Broniewsky inferred that the molecule of indium is polyatomic. 

T. W. Richards and J. H. Wilson studied the e.m.f. of cone, cells of indium amalgam, 
and inferred that the metal is dissolved mainly in the monatomic form, though 
J. II. Hildebrand inferred that the solute is mainly I nHg w — probably InHg 4 . 

K. Reich and T. Richter first determined the at. wt. of indium by dissolving 
weighed quantities of the metal in nitric acid, precipitating the soln. with ammonia 
and igniting the washed precipitate. From the ratio 2In : ln 2 0 ; , they obtained 
the value 1112; and by dissolving indium sulphide in nitric acid, and precipitating 
the sulphate as barium sulphate, they calculated 1120 from the ratios 
Jn 2 S 3 : ln 2 0 3 : 3BaS0 4 . Both results are too low. Soon afterwards, (\ Winkler 
dissolved the metal in nitric acid, evaporated the soln. to dryness, ignited the residue, 
and obtained indium trioxide ; from the ratio 2In : In 2 0 ;J , lie computed the 
at. wt. 11314 ; R. Bunsen similarly obtained 113*84 ; and A. Thiel, 113*73-114*01. 
The last-named showed that this method is not reliable because the oxide retains 
gaseous inclusions, and is slightly volatile. 0. Winkler precipitated gold from a 
soln. of sodium ehloroaurate, by means of indium, and from the ratio In : Au, 
computed the at. wt. 114*03. A. Thiel then analyzed the indium halides; from 
the ratio Iu(1 3 ;3Ag('l, he computed the at. wt . 115*01 ; and from lnBr 3 : 3AgBr, 
the at. wt. 1 14*83 ; and from the ratios In * InCl 3 and In : Inl 3 he obtained respec- 
tively 1 15*4 and 1 15*3. F. 0. Mathers obtained 1 14*834 from the ratio lnCl 3 : SAgCl, 
and 114*803 from lnBr 3 : 3AgBr. A. Bilecky, S. E. Phillips, and G. D. llindrichs 
discussed the at. wt. of indium. F. W. ( -larke computed 114*804 + 0*0040 for the 
best representative value ; B. Brauner, 1 1 4*8 ; and the International Table gives 
114*8. The atomic number is 49. F. W. Aston obtained no isotopes, for the 
element gave only one mass-spectral line corresponding with an at. wt. 115; the 
faint evidence of an isotope was not conclusive. According to G. Kirsc.h and 

U. P ettersson, when indium chloride is bombarded with o-rays from radunn-c, no 
long-range particles indicating atomic disintegration are evolved; L. F. Bates 
and J. S. Rogers made observations on this subject. 
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§ 5. The Oxides o! Indium 

Indium oxidizes when heated above its imp., and (’. Winkler 1 allowed that at 
a red heat it burns with a violet flame, forming hrown Hakes which deposit on the 
walls of the vessel as yellow indium trioxide, In 2 <) 2 , or indium nesqu inside ; the 
flakes are denser than the hum phdosophica obtained by the combustion of zinc. 
F. Reich and T. Richter obtained this oxide by calcining the hydroxide or the 
carbonate ; (’. Winkler, by calcining the nitrate or one of the lower oxides ; and 
C. .J, Bayer, by calcining the sulphite. The oxide prepared by calcining the* nitrate 
retains some nitric oxide very tenaciously, and ,1. Mever, and A. Thiel removed the 
gas by treating the oxide with water and calcining it at 9f>4) 1050°. 

The colour of the oxide prepared by F. Reich and T. Richter, and(\ Winkler 
was reddish-brown when hot, and a paler colour when cold ; A. Thiel said the colour 
is yellow like chlorine, and a darker coloration shows that ferric oxide is present. 
According to CL Renz, the oxide occurs in two forms (i) a yellow, non-crystalline, 
compact or powdered mass, soluble in acids ; (d) yellow trigonal crystals very 
resistant towards acids. The latter form is produced at a high temp. Roiling 
with sulphuric acid is a good means of separating the two forms. The trigonal 
crystals are isomorphous with those of ferric oxide. Needle-like crystals were 
obtained by A. Thiel by calcining the nitrate at a high temp. The specific gravity 
is 7*171). C. Renz said that it melts with great difficulty. Meyer said that the 
volatilization of the oxide begins at 900°, and the rapidity of volatilization increases 
as the temp, rises, but after 10 hrs. at 1100° only about 0*4)1 per emit, was lost. 
A. Thiel said that the freshly prepared oxide is more volatile at KKKT 1 lfiO' , than 
if the oxide has been previously calcined. C. Renz found that iho calcined oxide 
contains many isotropic crystals which were assumed to be those of cubic indiosoindlc 
oxide, ln 3 0 4 ; isomorphous with ferrosoferric oxide, Fe 3 0 4 . A. A. Read observed 
no change when indium oxide in a lime crucible is heated by the tip of an oxy-eoal 
gas tiame. A. Thiel and H. Kolsch showed that the alleged volatility of indium oxide, 
determined by the loss in weight on calcination, is really due to the loss of oxygen, 
3ln 2 0 3 — 2In 3 0 4 -F0. L. F. Nilson and 0. Pettersson found the specific heat between 
0° and 100° to be 4) 0807. A. Ditte gave for the heat of formation, (2In, 30) -239*8 
Cals. ; and for the heat of neutralization, In 2 03 i-3H 2 S4) 4a(J .-In 2 (S4J 4 ) 3aq .-F3H 2 0 
•f 72*78 Cals. K. Angstrom, and L. F. Nilson and 0. Pettersson said that the 
oxide is diamagnetic. 
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According to C. Winkler, when indium trioxide is heated to 300° in a stream of 
hydrogeili it acquires a black colour and the action then stops. The powder gives 
up no metal to mercury. It is assumed that the trioxide is reduced to 
indium dioxide, ln 2 0 2 , or InO. C. Winkler also claimed to have produced inter- 
mediate oxides, In 7 O tt , fn 4 0 3 , ln 7 0 6 , and ln 6 0 6 , by heating the trioxide in hydrogen 
to different temp. There is, however, very little to justify the inference that 
definite compounds are in question. C. Winkler, and A. Thiel found that when 
indium oxide is heated with sulphur or hydrogen sulphide, indium trisulphide, 
In 2 S 3 , j 8 formed. . L. M. Dennis and W. C. Geer found that dry ammonia gas reduces 
the oxide at 200°-300° with some volatilization, as observed by A. Thiel. The latter 
found that the calcined oxide dissolves slowly in cold acids, but more rapidly when 
warmed. Hot dil. sulphuric acid is a good solvent. F. Reich and T. Richter found 
that the oxide is reduced by carbon in a stream of hydrogen, but, according to 
0. Winkler, the metal beads coalesce to a button only when a flux is present. 
C. Winkler reduced the oxide by heating it with sodium or with magnesium. 

When indium salt soln. are treated with aq. ammonia or alkali-lye, F. Reich and 
T. Richter obtai ned gelatinous indium hydroxide, In(OH) 3 . R. E. Meyer found the 
precipitate to be soluble in an excess of alkali-lye, but again to separate from the soln. 
on boiling or standing ; the hydroxide is but slightly soluble in aq. ammonia. 
L. M. Dennis and W. C. Geer found that a similar precipitate is obtained with a soln. 
of hydroxylamine, but not with hydroxylamine hydrochloride. 0. Renz found the 
simple aliphatic primary and secondary amines also precipitate the hydroxide. 
C. J. Bayer obtained a similar precipitate by boiling a soln. of indium chloride with 
potassium nitrite. It. E. Meyer used the reaction with potassium cyanide— ride 
supra— in order to prepare the hydroxide free from iron. The air-dried precipitate 
was found by 0. Winkler to have the composition 10In(OH) 3 .3H 2 O ; and when 
dried at 100°, In(OH) 3 , T. Carnelley and J. Walker found that the air-dried 
precipitate lost water at a rate nearly uniform up to 150° when its composition was 
ta/au ’ a,U * ^ 1C rato ^ 08S at a higher temp, increased until the composition was 
InO(OH), without giving any evidence of the formation of a stable hydrate. Soon 
after passing 250°, the rate of loss abruptly diminished, and the curve became 
nearly vertical, showing that the last traces of water are lost very slowly. Complete 
dehydration occurred at 650°. The hydroxide was found by F. Stolba to be insoluble 
in a boiling soln. of ammonium chloride ; 0. Renz noted that it behaves towards 
amines like ferric hydroxide, P. C. Chabrie and E. Rengade noted that when indium 
hydroxide is heated with acetyl acetone, prismatic crystals of indium acetylacetonate, 

In | OH : (CH 3 C00) 2 } , are formed, and A. Thiel observed that the hydroxide is 
insoluble in ethylamine in the presence of chlorohydrates, and this enables it to be 
separated from aluminium hydroxide. A, Thiel also noted the analogy in the 
behaviour of precipitated iudium and aluminium hydroxides in forming colloidal 
soln. when washed free from electrolytes. The soln. in aq. ammonia and dimethyl- 
amine are colloidal. 

Indium hydroxide has basic properties, for, when treated with acids, salts are 
formed ; it also possesses the properties of a weak acid, furnishing a series of 
metainoato which can be regarded as salts of monobasic metaindic a ci d , InO(OH), 
or HlnOg, For example, C. Renz obtained magnesium metaindate, Mg(ln0 2 ) 2 , 
by boiling an excess of magnesia with an aq. soln. of indium trichloride, decanting 
the. soln., and washing the precipitate with a soln. of ammonium chloride. The 
white powder is insoluble in water, but soluble in hydrochloric acid. 
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§ 6. Indium Halides 

A. Thiel 1 prepared colourless rhombic pyramids of trihydr&ted indium trifluoride, 
InF 3 .3H 2 0, by the evaporation on a water-bath of a soln. of indium sesquioxide in 
dil. hydrofluoric acid. These crystals are said to be almost dehydrated by a 
prolonged heating at 100°. The crystals are strongly doubly refracting. A litre 
of water at 25° dissolves 84 grins, of the salt. The aq. soln. decomposes when 
boiled, and indium hydroxide separates out: 2InP s -f 6 ll 2 0 G11F f 2 In(OH) 3 . 
The fluoride is reduced to the metal when heated in a stream of hydrogen. 
P. C. Chabrie and A. Bouchonnct prepared white needles of enne&hydrated indium 
trifluoride, InF 3 . 9 H. 2 O, by the slow evaporation on a water-bath of a soln. of well- 
washed indium hydroxide in hydrofluoric acid. The crystals fume when exposed 
to air ; they are sparingly soluble in cold water ; insoluble in alcohol and ether ; 
and readily soluble in cold hydrochloric acid and hot nitric acid. When indium 
chloride is treated with au excess of ammonium fluoride, large, colourless, octahedral 
crystals of an ammonium fluoindate separate out, and the reaction has been 
suggested by A. C. Huysse, and P. Kley as a microchrmical tat for indium. 

C. Winkler , 2 and L. F. Nilson and (). Pettersson prepared indium trichloride^ 
InCLj, by passing a current of chlorine over tluj heated lower chlorides ; F. Reich 
and F. Richter, by passing chlorine over the heated oxide, or better, an intimate 
mixture of the oxide and carbon. The product was purified by redislillation in a 
stream of carbon dioxide. A. Thiel prepared the trichloride by the action of moist 
hydrogen chloride on the metal between 120° and 320". Indium trichloride forms 
white lustrous plates. A. Thiel found the sp. gr. of tin* solid to be 40. Indium tri- 
chloride docs not volat ilize appreciably below 440', but readily volatilizes ataboutflOO 0 . 
W. Odling noted that vaporization begins at a dark red heat. W. JIampe said that 
this chloride melts readily to a pale yellow liquid which boils at a rather higher temp. 
Vapour density determinations by H. Biltz, V. and (\ Meyer, and by L. F. Nilson 
and 0. Pettersson show that between 600° and 850°, the mol. wt. agrees with the 
formula InCl 3 , but at a higher temp., 11(X)M2(X)°, the vapour density falls from the 
theoretical value 7*58 (air unity) for InCl 3 , to 6*23, indicating that the trichloride is 
dissociating, probably forming a lower chloride. W. Hainpc said that the electrical 
conductivity at the m.p. is small, but much greater at the b.p. The trichloride is 
very deliquescent, and 0. Winkler found that it readily dissolves in water with a 
loud hissing noise, and the development of much heat. The aq. soln. was found by 
A. Thiel to be slightly hydrolyzed, but not much hydrogen chloride is lost when the 
aq. soln. is evaporated at 100 °, but F. Reich and T. Richter obtained an insoluble 
indium oxychloride as a residue when the aq. soln. is evaporated at a high temp. 
A. Thiel made the oxychloride InOCl, as a white powder, very sparingly soluble in 
water, by the action of chlorine mixed with oxygen on indium dichloride. C. Winkler 
did not confirm this observation. The aq. soln. is very difficult to crystallize, the 
*eq. conductivity of aq. soln. with three gram-eq. per litre is 10*2 ; with 0 003 gram-eq., 
101 ; and with 0 0003 gram-eq., 225. A. Thiel also gave the potential of the normal 
electrode (—0*620 volt) against iV-soln. as 0*094 volt; against (HiV-soln., 0*108 
volt ; and against O OliV-soln., 0*119 volt. C. Willgerodt found indium trichloride 
acted as a catalytic agent in chlorinating benzene. 

L. M. Dennis and W. C. Geer found that when indium trichloride is vaporized 
in a stream of dry ammonia, a volatile white crystalline addition product, indium 
amminochloride, is formed ; and R. E. Meyer dissolved indium sesquioxide in a 
8oin, of ammonium chloride in hydrochloric acid, cone, the soln. by evaporation ; 
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on cooling, small lustrous colourless crystals of, presumably, ammonium tetra- 
chloroindate, NHtInCl 4 .HM), were obtained. The crystals were readily soluble 
in water, but were not hygroscopic. R. C. Wallace obtained rhombic bipyramidal 
crystals of monohydrated ammonium pentachloroindate, (NH 4 ) 2 In01 r ,.H 2 0, with 
axial ratios a \h\ c- -0-9668 : 1 : 1*4005, and sp. gr. 2 281 at 20°. R. E. Meyer 
similarly prepared deliquescent needles of lithium hexachloroindate- presumably 
Li 3 lnCl (t .NH 2 0 in a similar manner. Ry a similar process, too, R. E. Meyer 
prepared crystals of dihydrated potassium hexachloroindate, K 8 lnCl c .lJH 2 0, 
or better, according to R. Wallace, K : ,In(1 e .2H 2 0, in white transparent tetragonal 
hipyramids to which A. Fock assigns the axial ratio a : r 1 : 0*8187, and 
R. C. Wallace, the sp. gr. 2*483 at 20° ; the crystals have a feebly negative double 
refraction, and are isomorphous wit h the corresponding dihydrated hexabromoindate. 
They are easily soluble in water ; and they always contain an excess of potassium 
chloride which crystallizes along with the indium salt. I\ Kley said that the 
crystals are sparingly soluble in hydrochloric acid. P. Kley prepared rubidium 
hexachloroindate, 3Rb(’l.InC-l ;} , from a soln. of indium hydroxide in com;, hydro- 
chloric acid, by adding rubidium chloride ; the colourless oetahedra are formed so 
readily that the reaction is recommended as a microchemical test for indium. 
R. 0. Wallace prepared rhombic bipyramids of monohydrated rubidium penta- 
chloroindate, Rb 2 InCl 5 .H 2 0, have the axial ratios a : b : c=(>*9725 : 1 : 1*4084, 
and sp. gr. 3 089 at 20°. Isomorphous crystals of monohydrated csesium 
pentachloroindate, Cs 2 InCl 5 .H 2 0, with axial ratios a:b:c 0*9841 ; 1 : 1*4033, 
and sp. gr. 3*350 at 20°. These crystals are isomorphous with the corre- 
sponding ammonium salt, with the corresponding chloro- and bromo-indates and 
thallates, and with potassium and ammonium cldoroforratcs--K 2 Fo(. 1 l 5 .H 2 0 and 
(NH 4 ) 2 Fe(!l 5 .H 2 0. Caesium hexachloroindate, 3CsCl.In('l :i , is formed in a similar 
manner to rubidium hexachloroindate, and the reaction is even more sensitive. 
E. H. Dueloux recommended this as a mmochvmicul test for indium. 

L de Boisbaudran, and A. Thiel prepared colourless crystals of indium dichloride, 
InCL, by heating the metal in a stream of dry hydrogen chloride ; the amber- 
yellow liquid so formed solidifies to a white crystalline mass. L, F. Nilson and 
O. Pettersson s value for the vapour density at 958° corresponds with the partial dis- 
sociation of the more complex molecule ln 2 ri 4 ^2In('l 2 , the dissociation is complete 
between 13(H) 0 and IKK) 0 . According to A. Thiel, indium dichloride in contact with 
water decomposes into metallic indium and the trichloride with the intermediate 
formation of indium monochloride. L. F. Nilson and O. Pettersson say that indium 
reduces indium dichloride to indium monochloride, TnCl, when the mixture is 
distilled in a stream of carbon dioxide. The dark red solid melts to a blood-red 
liquid. The vapour density between ll(K) u and IPX) 0 corresponds with the simple 
formula InCl. Water decomposes indium monoehloride into indium trichloride 
and metallic indium. C. Winkler suggested that the dark-brown mass which is 
formed when chlorine is passed over warm indium, just before clouds of the trichloride 
appear, is possibly indium subchloride. 

The action of bromine on indium is analogous with that of chlorine, and three 
indium bromides have been reported— InBr, InBr 2 , and lnBr 3 — together with 
indium oxybromidc, stated by R. E. Meyer 11 to be formed as an amorphous non- 
volatile solid by the action of bromine vapour on heated indium sesquioxide. The 
oxybromide is stated to be very resistant towards boiling acids and alkalies ; but 
A. Thiel questions whether such a salt really exists. A. Thiel prepared indium 
monobromide, InBr, by passing bromine over warm indium for a short time, and 
heating the reddish-brown product in a stream of carbon dioxide for about an hour 
in contact with an excess of the metal. The liquid solidifies to a carmine-red mass 
which easily sublimes. Hot water decomposes it, forming indium and indium 
dibroniide ; it is easily soluble in acids— particularly when these are cone, and hot. 
The vapour density of indium monobromide at 1130° is 207, that calculated for 
InBr is 195. 
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While indium monobromidc is the first product o*f the action of bromine on 
indium, the further action of bromine on heated indium gives a dark yellow liquid — 
indium dibromide, InBr 2 — which on solidification furnishes a horn-like mass which is 
almost without colour. The product can be sublimed in a stream of carbon dioxide. 
Water converts indium dibromide into a mixture of the tri- and mono-bromides ; 
and, with a more prolonged contact, or when heated, into indium and indium 
tribromide. It is easily soluble in acids. While the vapour density of indium 
monobromide at 1330° is nearly normal, that of the dibromide shows that a 
considerable fraction is dissociated into the monobromide and bromine. 

R. E. Meyer, and A. Thiel prepared indium tribromide, InBr 3 , bv the action of 
bromine vapour carried by a current of carbon dioxide over heated indium. The 
product after many sublimations is colourless or white, and easily volatile. In 
general properties indium tribromide resembles the trichloride. K. Jauch found 
the sp. ht. of soln. of N eq. of indium bromide per litre to be : % 

N 0-5 1-0 20 30 4 0 

Sp. ht. . 0 0418 0-8022 0 8020 0-7285 0-0052 

A. Heydweiller found for soln. of N gram-eq. of indium tribromide, InBr 3 , witli the 
eq. wt. 1 18-19, the sp. gr., D at 18° with respect to water at the same temp. ; the sp. 
ht., C; the electrical conductivity, K ; the eq. conductivity, A ; the refractive 
index, /a, for the throe hydrogen lines; the refraction eq. by the formula 
It l)/D(jn--f 2 ) for sodium light; the refraction eq., It for long waves ; 

and w the eq. rotatory power for sodium light with respect to water at the same 


temp. : 

N 

. 0 

01003 

0-2000 

0-4002 

1-0038 

1 -0080 

3-7875 

A'i, 


0-00540 

000035 

0-01848 

0-02878 

0 03004 

0-04185 

A 


53-85 

4075 

37 02 

2807 

10-83 

1104 

D 

. 1 -ooooo 

1-00903 

101902 

1 04910 

1 00822 

1-10400 

1-30718 

C 

. 1000 


— 

00410 

0-8024 

0-8028 

00780 

fU> 

. 1-33140 

— 

- 

1-33909 

1-34070 

1-30150 

1-38820 

fip 

. 1 33731) 


- 

1-34540 

1-35339 

1-36804 

1-30084 

fly 

. 1-34054 



1-34800 

1-35705 

I 37304 

1-40181 

Ii v 


- 


12-80 

12-80 

12-77 

12-73 

u> 

. 



12-30 

12-32 

9 340 

12-30 

0-280 

12-27 

8 034 


The mono- and di-halides of indium are unstable in aq. soln. and change into the 
trihalide and metal. This is symbolized in terms of the ionic hypothesis : 
31n'v=iln"'-i 21n ; and 31n"^21n"'-{-hi. hi addition, the 
salts arc appreciably hydrolyzed in aq. soln. Like the 
cadmium halides, the indium trihalides form complex 
unions. The abnormally low values for the eq. conductivities 
of these salts in cone. soln. are taken as evidence of the 
formation of complex anions. F. Kohlrausch plotted what 
he called die hneare Konzentraiion, that is, Al, as a function 
of the eq. conductivity, as indicated in Fig. 2 ; these curves 
emphasize the low values for cone. soln. of cadmium and 
lithium bromides which form complexes, when contrasted 
with the normal value for cadmium chlorate which does not 
form complex ions. 

R. C. Wallace has prepared a number of complex 
bromides. The alkali bromoindates of the series, 

M 2 InBr 5 .H 2 0, form rhombic bipyramids— for example, monohydrated ammonium 
pentabromoindate, (NH 4 ) 2 .InBr 5 .H 2 0, has the sp. gr. 3- 167 at 20° ; the rhombic 
crystals of monohydrated rubidium pentabromoindate, Rb 2 InBr 5 .H 2 0, have 
the axial ratios a:5:c— 09803 : 1 : 1 3951, and the sp. gr. 3409 at 20° ; and 
monohydrated ceesiom pentabromoindate, Cs 2 InBr 6 .H 2 0, the axial ratios 
0-9734 : 1 : L4180, and the sp. gr. 3*776 at 20°. These salts are isomorphous with the 
VOL. v. 2 d 
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corresponding chloroindates* chlorothallates, and chloroferrates, (NH 4 ) 2 FeCl 6 .H 2 0 . 
There are also tetragonal crystals of dihydratod potassium hoxachloroindate, 

K 3 InBr fl .2H 2 0, with asp. gr. 3-140 at 20°, and isomorphous with the corresponding 
chloroindates, chlorothallates, and bromothallates. 

Iodine unites directly with indium, and much heat is developed. R. E. Meyer, 
and A. Thiel prepared indium triiodide, Inl 3 , by passing iodine vapour, in a stream 
of carbon dioxide, over heated indium. R. E. Meyer said that indium triiodide 
forms yellow hygroscopic crystals which, at about 199°, readily melt to a reddish- 
brown liquid which cools to a yellow crystalline mass. Indium triiodide can be 
slowly distilled in a stream of carbon dioxide at a high temp., but A. Thiel said that 
the salt dissociates at the high temp, of the distillation, forming iodine and one of 
the lower indium iodides. Indium triiodide is soluble in a small proportion of 
water or alcohol, forming a yellowish-brown soln. which, on the addition of more 
water or alcohol, forms a red emulsion, or a red powder. Chloroform gives a 
colourless soln. ; and xylene, a yellow soln. A. Thiel reported the probable 
formation of indium chloroiodide when indium triiodide is treated with chlorine. 

A. Thiel and H. Kolsch 4 measured the f.p. of fused mixtures of indium and 
iodine, and obtained the curvo shown in Fig. 3, where the f.p. of mixtures with 
one gram-atom of indium are plotted against compo- 
sition. There is a definite maximum in the curve 
corresponding with the formation of indium di- 
iodide, Inl 2 , melting at about 212°. The diiodide 
has not been definitely isolated since, when the 
attempt is made to prepare it by fusing together 
the elements, and distilling the product, the molten 
iodide dissociates largely into the mono- and tri- 
iodides : 2InI 2 =InI+lnI 3 . 

A. Thiel ami H. Kolsch prepared indium mono- 
iodide, Ini, by heating iodine with an excess of 
indium, Fig. 3. Small quantities should be used, or 
the reaction carried out in an atm. of carbon dioxide. 
The product is then distilled in an atm. of carbon dioxide at 700° ; indium 
monoiodide is also formed by the repeated distillation of the triiodide in an 
atm. of hydrogen. The brownish-red solid melts at 351°, and boils at about 700°. 
It is not decomposed by hot water, but in contact with air, oxidation takes place 
according to the equation: 2InI-f 3H 2 (H~0 2 =2In(0H) 2 -p2HI. This reaction 

is slow with cold water, and the hydroxide is obtained in colloidal soln. ; with 
hot water, the hydroxide is in a more granular form easily filtered. Sulphur 
dioxide converts it into indium sulphide, In 2 S 3 ; and hydrogen sulphide into 
indium sulphide and indium triiodide. Indium monoiodide dissolves in dilute 
acids with the evolution of hydrogen ; it is insoluble in alcohol, ether, and 
chloroform. 
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§ 7. Indium Sulphides 

According to C. Winkler, 1 sulphur and indium can be triturated together at 
200°, without combining, but union occurs with incandescence at a red heat. A. Thiel 
made indium trisulphide, In 2 S 3 , by heating indium with an excess of sulphur in a 
sealed tube at about 500° ; and he obtained scarlet-red lustrous crystals by heating 
indium trioxide in a stream of hydrogen sulphide. According to F. Reich and 
T. Richter, and.R. E. Meyer, indium sulphide is formed when a soln. of an indium 
saltis treated with potassium monosulphide, K 2 S, or a feebly acid soln. with hydrogen 
sulphide. The precipitation is prevented by mineral acids except when the acidity 
is very slight ; but with acetic acid soln. the precipitation is complete, and much 
sulphur is at the same time separated. C. Winkler stated that one part of indium 
dissolved in 30 parts of cone, hydrochloric acid, and diluted with at least 2000 parts 
of water, is completely precipitated by hydrogen sulphide. He also prepared 
lustrous yellow crystals of the sulphide by heating an intimate mixture of indium 
trioxide, sulphur, and sodium carbonate for some time at a red heat, and extracting 
the soluble matters with hot water. O. Brunek boiled a peutral soln. of an indium 
salt with sodium thiosulphate and obtained a precipitate of indium sulphide, but 
in the absence of free acids, the precipitation is not complete. (\ Winssinger, 
and S. E. Linder and H. Pic ton prepared a colloidal sol of indium trisulpliide by 
passing hydrogen sulphide into water in which indium hydroxide is suspended. 
The golden-yellow' sol may be boiled to remove the excess of hydrogen sulphide 
without flocculation, but the addition of an electrolyte acetic acid, ammonium 
chloride, and salts generally -coagulates the sulphide. 

Indium sulphide appears in yellow or orange plates ; in more or less impure 
brown crystalline masses ; and as a yellow colloid. According to (■. Winkler, and 
A. Thiel, the sulphide is not volatile at a red heat, but when roasted in air, it is 
ultimately converted into the trioxide. Indium sulphide is soluble in cone, mineral 
acids. F. Hoppe-Seyler used the sulphide for the spectroscopic detection of indium 
in ores. When the trisulphide is heated to redness in a stream of hydrogen, A. Thiel 
and H. Kolsch found a dark yellowish-brown sublimate of indium monosulphide, 
In 2 S, is produced in minute needle-like crystals. It melts when heated in the; 
absence of air, forming a dark brown liquid, which in air passes into the trisulphide 
and trioxide. It is readily dissolved by acids, and A. Thiel studied the action of 
bromine water and hydrogen peroxide. A. Thiel and H. Kolsch prepared a soft 
reddish-brown mass of indium disulphide, In 2 S 2 , or InS, by heating the metal in a 
stream of hydrogen sulphide. 

According to S. E. Linder and H. Picton, when hydrogen sulphide is passed over 
indium hydroxide, the colour remains white for ten minutes and then gradually 
changes to a pale yellow ; it is supposed that the white product is normal indium 
hydrosulphide, In(HS) 3 . A similar white sulphide was obtained by C. Winkler, 
by treating indium trisulphide with ammonium hydrosulphide. According to 
F. Reich and T. Richter, a white precipitate is formed when ammonium sulphide is 
added to an ammoniacal soln. of an indium salt mixed with tartaric acid, or, according 
to C. Winkler, to a neutral soln. of an indium salt. The last-named also made it by 
passing hydrogen sulphide into a soln. obtained by adding an excess of ammonium 
carbonate to an indium salt ; or by cooling a boiling soln. of indium sulphide in 
ammonium polysulphide. R. E. Meyer made it by treating a soln. of an indium 
salt with potassium hydrosulphide. When washed and dried, it gives off hydrogen 
sulphide and becomes yellow. The first action of acids is to change it to the yellow 
sulphide, before it dissolves. It is possible that the white precipitate produced by 
the alkali sulphide is a hydrated alkali indium sulphide ; and that with ammonium 
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sulphide, a hydrated ammonium indium sulphide. R. Schneider obtained potassium 
sulphoindate, KInS 2 , or K 2 S.In 2 S 3 , by melting together indium trioxide, potassium 
carbonate, and sulphur in the proportions 1:6:6, and extracting the mass with 
water. The insoluble, hyacinth-red, quadratic plates were stable in air. The salt 
is partly oxidized when heated in air ; it is not reduced by hydrogen at a red heat ; 
it is decomposed by acids ; and it is coloured brown by a soln. of silver nitrate 
owing to the formation of silver sulphoindate, AgInS 2 . By substituting sodium 
carbonate for potassium carbonate in the process just described and extracting the 
mass with cold water, a soln. is obtained which slowly deposits dihydrated sodium 
sulphoindate, NaInS 2 .H 2 0, or Na 2 S.In 2 S 3 .2H 2 0. 
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§ 8. Indium Sulphates 

The soln. obtained by dissolving indium oxide, hydroxide, or carbonate in 
sulphuric acid can be evaporated to a thick syrup without crystallization. 
R. E. Meyer 1 found that if the acid-liquor is allowed to stand in a desiccator for a 
long time a deliquescent crystalline mass of hydrated indium hydrosulphate, 
In 2 (S0 4 ) 3 .H 2 S0 4 .8H 2 0, or InH(S0 4 ) 2 .4H 2 0, is produced. According to C. Winkler, 
if the acid soln. be heated so as to remove the excess of acid, a gum-like mass is 
obtained, which, when dried at 100°, has a composition corresponding with ennea- 
hydrated indium sulphate, In 2 (S0 4 ) a .9H 2 0 ; while if the acid soln. be evaporated 
to dryness, a white powder is obtained which appears to be a basic sulphate. Accord- 
ing to A. Thiel, the hydrated salt intumesces when gradually heated to 250°-300 o , 
and forms a white froth. F. Reich and T. Richter, and C. Winkler obtained small, 
white, opaque crystals of indium sulphate by concentrating an acid soln. According 
to L. F. Nilson and O. Pettersson, the sp. gr. is 3 438 ; and the sp. ht. O' 129 between 
0° and 100°. A. Ditte gave 49039 Cals, as the heat of formation by the dissolution 
of a gram-eq. of indium in sulphuric acid, and for In 2 0 3 4-3HoS0 4ml .— In 2 (S0 4 ) 3a ,,. 
+3H 2 0 4-72-78 Cals. 

A number of complex indium sulphates has been prepared. The ammonium, 
rubidium, and cwsium indium alums have been reported ; F. Reich and T. Richter, 
II. Rdssler, and R. E. Meyer failed to make the lithium, sodium, and potassium 
indium alums. H, Rdssler prepared ammonium indium alum, or dodecahydrated 
ammonium disulphatoindate, (NH 4 ) 2 S0 4 .In 2 (S0 4 ) 3 .24H 2 0, or NH 4 In(S0 4 ) 2 .12H 2 0, 
by slow crystallization from a cone. soln. of the constituent sulphates. Rubidium 
indium alum, or dodecahydrated rubidium disulphatoindate, RbIn(80 4 ) 2 .12H 2 0 ; 
and cccsium indium alum or dodecahydrated caesium disulphatoindate, 
CsIn(S0 4 ) 2 .12H 2 0, were prepared by P. C. Chabrie and E. Rengade in a similar 
manner. The crystals are regular octahedrons. The crystals of the ammonium 
salt have no inclination to effloresce in air, but those of the rubidium and caesium 
salts do so. C. Soret gave 2 011 for the sp. gr. of the ammonium indium alum ; 
2-065 for the rubidium salt ; and 2 241 for the etesium salt. The m.p. of the 
rubidium salt is 42° (J. Locke) ; and that of the ammonium salt 36°, according to 
H. Rdssler, and 37°-38°, according to C. Soret. H. Rdssler found that the m.p. 
of the ammonium salt is also a transition temp., NH 4 In(S0 4 ) 2 .12H 2 0 
^NH4ln(S0 4 ) 2 .4H 2 D4-8H 2 G ; the resulting tetrahydrated ammonium disulphato- 
indate is also obtained by crystallization from a soln. of the alum at 36°. C. Soret 
found the indices of refraction, p, of these three alums between 17° and 21° to be : 
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G- F • b- fl. i>. C- fl- u-llne 

A . . 4310 4860 5170 5270 5890 6560 6860 7180 

|NH 4 . 1-47760 1-47234 1 47015 146953 1-46636 1*46352 1 46259 1-46193 

uRb. . 1-47402 1 46955 1-46751 146694 1-46381 1-46126 1*40024 1 45942 

|Cs . . 1*47562 1-47105 1-46897 1 46842 1 46522 1*40283 1 46170 146091 

The solubility of indium ammonium sulphate in grams of salt per 100 grins, of water 
was given by H. Rossler as about 200 at 16° and about 400 at 30° ; 1\ (\ Chabrie 
and E. Rengade gave for the rubidium salt 44 28 at 15° ; and for the ovsium salt, 
3 04 at 16‘5°, and «J. Locke gave 1 1*73 at 25°. H. Rossler, and P. (\ Chabrie ami 
E. Rengade found that the aq. soln. have an acid reaction owing to hydrolysis, and 
when heated, they become turbid owing to the separation of basic* sulphates, and 
in the case of the ca*sium salt, indium hydroxide. H. Rossler said that the 
ammonium salt is insoluble in alcohol. 

Salts analogous to tetrahydrated ammonium disulphatoindate— -w/c supra— 
were prepared by H. Rossler when he attempted to make the sodium and potassium 
indium alums. The aq. soln. of H. Rbssler’s tetrahydrated sodium disulphato- 
indate, Naln(S0 4 ) 2 .4H.»0, or Na 2 S0 4 .In 2 (S0 4 ) 3 .8H 2 0, and tetrahydrated potassium 
disulphatoindate, Kln(S0 4 ) 2 .IH 2 0, or K 2 S0 4 .ln 2 (S0 4 ) 3 .8H 2 0, became turbid 
when boiled. With the potassium salt, H. Rossler obtained the basic salt ; 
KIn(S0j) 2 .2In(0H) 3 , potassium hexahydroxy disulphatoindate. 
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§ 0. Indium Carbonate, Nitrate, and Phosphate 

According to F. Reich and T, Richter, 1 white crystalline indium carbonate is 
precipitated from a soln. of an indium salt by the addition of an alkali carbonate. 
When calcined, the oxide is formed. According to (J. Winkler, the carbonate is 
insoluble in soln. of potassium or sodium carbonate, but soluble in one, of ammonium 
carbonate ; when this soln. is boiled the carbonate is again precipitated. 

A soln. of indium nitrate is formed by the action of nitric acid on indium oxide, 
hydroxide, or carbonate ; the neutral soln. crystallizes with great difficulty, and 
when evaporated in a desiccator, it forms a syrupy liquid from which thin deli- 
quescent plates of trihydrated indium nitrate, ln(N0 3 ) 3 .3H 2 0, can be obtained ; the 
acid soln. furnishes groups of aeicular or columnar crystals. A mol of the salt loses 
two mols of water at 100° ; at a higher temp,, nitric acid is given off and a basic 
nitrate is produced ; and at a still higher temp., the oxide is produced. The retention 
of occluded gases by the calcined nitrate is discussed in connection with the oxide. 
L. M. Dennis and W. C. Geer prepared white ammonium nitratoindate, by crystalli- 
zation from a mixed soln. of ammonium and indium nitrates. 

0. Winkler found that indium salt soln. give a white precipitate with soln. of 
sodium hydrophosphate. The soln. of indium phosphate in potash-lye soon 
becomes turbid. 
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CHAPTER XXXVI 

THALLIUM 


§ 1. The History and Occurrence of Thallium 

At the beginning of 1861, W. Crookes 1 extracted selenium from the seleniferous 
deposit of a sulphuric acid factory at Tilkerode in the Harz. The residue remaining 
after distillation was supposed to contain tellurium, but, when examined spectro- 
scopically, a bright green line was observed ; this was attributed to the presence 
of a new element which was named thallium, “ from the Greek $u\\6s, or Latin 
thallus , a budding twig— a word which is frequently employed to express the beauti- 
ful green tint of young vegetation ; and which I have chosen because the green line 
which it communicates to the spectrum recalls with peculiar vividness the fresh 
colour of vegetation in spring.” This discovery was announced in a paper on 
March 30, 1861 : On the existence of a new element , probably of the sulphur group . 
About a year later, A. Lamy observed the green spectral line from the chamber 
deposit of the sulphuric acid works at Loos where Belgian pyrites were roasted. 
He established the metallic nature of thallium, and on May 16, 1862, he described 
the chemical and physical properties of le nouveau metal. He showed that thallium 
forms at least two series of compounds, and that one series of compounds closely 
resembles the analogous compounds of the alkali metals, and the other, those of lead. 
Soon afterwards numerous investigations were made on the properties of thallium 
and its compounds. There has been some discussion of the priority of the discovery 
of thallium. W. Crookes at first regarded thallium as a homologue of selenium ; 
but A. Lamy recognized its metallic nature and its relations with lead, and with the 
alkali metals. A. Lamy consequently claimed, as G. Urbain puts it, that thallium 
did not belong to the tellurium group ; that the reactions cited by W. Crookes were 
illusory ; that the green line emanated from an impurity iu the materials ; and that 
ho himself, not W. Crookes, was the discoverer of thallium. The weighing of the 
evidence on both sides, shows that W. Crookes is to be regarded as the discoverer 
of this element ; and that tho green spectral line is a veritable characteristic of 
tliis element. H. L. Wells and S. L. Penfield raised the question whether thallium 
is a mixture of the two alkali metals with at. wts. 170 and 220 which are missing 
in the periodic table ; but the results of their experiments were nugatory. No 
element other than thallium could be obtained by the fractional crystallization of the 
nitrate. V. Meyer has also discussed the elementary nature of thallium. M. Doan 
has compiled a bibliography of the literature on this element. 

Thallium does not occur free, 

^ 0 00000000^ per cent, of 

tljallium ; and F. W. Clarke and H. S. Washington, 0 0000000z per cent According 
to 11. A. Kowiand, the solar spectrum shows no sign of the presence of thallium. 
Jhc element is an essential constituent of some very scarce minerals which 
W , V ernadsky said are always of a secondary character and appear to have been 
formed by the weathering or decomposition of selenium or sulphur compounds. 
In thes e minerals, thallium seems to be isomorphically associated with the alkali 
many aluminosilicates, sulphates, and chlorides ; and with silver or lead 
fc*and sulphides. A. E. Nordenskjold found the non-crystalline mineral 
406 
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crookesile from Skrikerum (Sweden) has a composition approximating (Cu, Tl, Ag) 2 So 
with 16 27 to 18*55 per cent, of thallium ; , 1 . A. Krenner and J. Loczka, and 

V. M. Goldschmidt found lorandile, TIAsS.,, front Allchar (Macedonia) had 59*51 per 
cent, of thallium. It was associated with realgar, and the monoclinic crystals 
had the axial ratios a : b : c— 1*3291 : 1 : 10780, and /3 - 52° 71'. R. H. Solly, 
and G. F. H. Smith found hutchinsnmte in the dolomite of Lengenbach (Bin- 
nental) is a sulphoarsenide of thallium, lead, silver, and copper approximating 
(Tl, Ag, Cu)2S.PbS.2As 2 S3, with about 20 per cent, of arsenic ; and B. Jezek, and 
F. Krehlik found that the composition of urbait<\ from Allchar (Macedonia), 
approximates TlAs 2 SbS 5 , with 29-30 per cent, of thallium. It occurs in small, deep 
red, translucent, rhombic crystals with axial ratios a ; : b : c - 0 5659 : 1 : 0 4836. 

W. N. Hartley and H. Ramage found spectroscopic indications of thallium in 
many rocks, and it occurs in a number of minerals as a secondary constit uent. Thus, 

W. Crookes found it in many cupriferous pyrites ; W. Vernadsky, in pyrites and 
marcasitc ; A. Lamy, in pyrites from Theux, Namur, Phillipeville, Alais, Nantes, 
Spain, and Bolivia ; E. Carstanjen, in pyrites from Meggen ; J. W. Gunning, in pyrites 
from Ruhrort ; J. Antipoff, in pyrites from Poland to the extent of 0 3 to 0*5 }>or 
cent, thallium ; L. Marquardt, in pyrites from Altenhuden ; and L. .J. Igelstrom, 
in the hematite (iron glance) of Sjogrube (Orcbro). A. R. von Scbrottor found up 
to O' 006 per cent, of thallium in the lepidolite of Miihren, and in the mica of Zinnwald. 
C. F. Schonbein also found thallium in lepidolite ; W. Vernadsky, also, in lepidolite 
from Lipowka, in muscovite from Murainka, zinnwaldite (lithia-mica) from Zinnwald, 
and Onon ; and orthoclase from Murainka. F. L Bartlett found thallium in the 
zinc blende of Leadville, and F. von Kobell in the zinc blende of Geroldseck 
(Breisgau) ; F. Exner and K. Haschek, in Cornish j)itchblende ; E. Linnemann, in 
the orthite of Arendal ; A. do Gramont, in bcrzclinite, Cu 2 Se, and in frenzelitc, 
Bi 2 Se 3 ; F. Bisclmff found one per cent, of thallium, and T. L. Phipson, 0 01 per 
cent, of thallous oxide in samples of pyrolusite ; W. Vernadsky, in manganite ; 
W. T. Rdppler, in pyritiferous anthracite ; (). Vogel, in pitchblende from Johann- 
georgenstadt ; W. Vernadsky, in some uranium and platinum ores. L. Palmicri 
found thallium and lithium in the sublimation products of a crater of Vesuvius, 
and A. Cossa found thallium in the breccia of the lava in the island of Valkano. 
J. Schramm reported thallium and rubidium, but no ea*sium in the carnallite of 
Kalusz (Galica), thallium only in the sylvine, and none of these three elements in 
the kainite. F. Hammorsbacher found thallium in the carnallite of Stassfurt, but 
more in the sylvine. A. Cossa found traces of thallium in the potash alum of the 
Island of Volkano. It. Bottger found thallium, rubidium, and caesium in the mineral 
waters of Nauheim, Orb, and Durrcnberg ; E. Ludwig and J. Mautlmer found 
'thallium in the waters of Carlsbad ; and G. J. Mulder, in those of Java. 

Thallium also occurs in products derived from thalliferous ores. For instance, 
W. Crookes found it in the lead chamber deposits of Tilkerodc ; A. Lamy, in those 
of Loos ; and R. Bottger, in those of Oker, where it is derived from the roastings of 
the pyrites. F. Wohler found thallium in the flue-dust of furnaces roasting 
thalliferous pyrites at Theux (0*5—0*75 per cent, thallium), and at llingenkuhl ; 
E. Carstanjcn, at Meggen (3*5 per cent, thallium) ; J. W. Gunning, at Ruhrort 
(1 per cent, thallous chloride) ; D. Playfair, and others have made similar obser- 
vations. W. Crookes found 0*29 per cent, of thallium in the raw sulphur obtained 
from Spanish pyrites, and in the sulphur of Lipari ; R. Bottger found thallium in 
sulphuric acid, and W. Crookes in the hydrochloric acid derived from thalliferous 
sulphuric acid. R. Bunsen obtained 0*05 per cent, of thallous chloride from the 
zinc sulphate lyc of Goslar which was obtained from Rammelsberg ore. A. Streng 
found thallium in zinc and cadmium obtained from thalliferous zinc ores — B. Kos- 
mann found 1*4 per cent, of thallium in a sample of zinc. H. N. Warren reported 
thallium in platinum ; W. B. Herapath, and W. P. Jorissen and J. A. Vollgrafl, 
in bismuth ; G. Werther, in tellurium ; W. Crookes, in cadmium sulphide ; and 
0. Zimmermann, in uranyl hydroxide. 
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R. Bdfctger found thallium widely diffused in the vegetable kingdom, for he found 
it in wine, chicory, tobacco, beet root, beech wood, etc. 

A. Holmes and R, W. Lawson have discussed the. possibility of thallium or 
isotopes of thallium being end-products of the radioactive decay of actinium and 
of thorium. 
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§ 2. The Extraction of Thallium 

The thallium minerals are so very scarce that they are not used as sources of 
the metal. W. Crookes 1 described processes for the extraction of thallium from 
some Belgian and Spanish pyrites, but the methods are not employed because it 
is so much easier to extract thallium from the mud of the lead chambers, and the 
flue-dust of sulphuric acid works burning thalliferous pyrites. The flue-dust is a 
kind of concentrate of the thallium in the pyrites. G. Sisson and J. E. Edmond- 
son found the dust collected between the pyrites kiln and the Glover’s Tower 
of a sulphuric acid works contained (P25 per cent, of thallium, representing one 
part of thallium per million parts of pyrites burnt. The metal is also extracted 
irom the mother liquors after the separation of zinc sulphate. The general methods 
are based on the sparing solubility of thallous chloride or iodide ; on the ready 
formation of a thallium alum which can be easily purified ; on the formation of 
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a sulphide sparingly soluble in alkaline soln., and on the non-precipitability of 
thallous salts by sodium carbonate. 

A. Lamy obtained thallium from the mud of the lead chamber of a sulphuric 
acid works by first neutralizing the mass with lead oxide or lime ; extracting the 
product 3-5 times with hot water ; concentrating the soln. to about one-tenth 
its volume ; precipitating thallous chloride by adding hydrochloric acid ; washing 
with dil. hydrochloric acid ; and decomposing the product with hot sulphuric acid. 
The thallous hydrosulphate was dissolved in water, and freed from lead, silver, 
and mercury by hydrogen sulphide. The filtrate was cone, by evaporation, and 
the thallium precipitated by adding zinc, or by electrolysis. 

R. Bbttger boiled the mud with 4~fi times its weight of water ; made the soln. 
alkaline with sodium carbonate ; and boiled the liquid. The soln. was filtered from 
the black precipitate, mixed with potassium cyanide, boiled, filtered, and treated 
with hydrogen sulphide. The thallous sulphide so obtained was boiled several 
times with a cone. soln. of oxalic acid ; the filtrate was neutralized with sodium 
carbonate and the treatment with potassium cyanide and hydrogen sulphide 
repeated. The thallous sulphide was dissolved in nitric acid of sp. gr. 1*2, 
evaporated with cone, sulphuric acid, and a cold soln. of the resulting sulphate was 
treated with zinc to precipitate the thallium. 

W. Crookes obtained thallium from flue-dust by a process somewhat analogous 
to that employed by A. Lamy for chamber-mud. The dust is boiled with dil. 
sulphuric acid, and the thallium precipitated from the filtered and cone. soln. by 
the addition of zinc. R. Bottger mixed the neutralized soln. of the flue-dust with 
sodium thiosulphate ; passed in hydrogen sulphide to precipitate the thallous 
sulphide ; and treated the product with nitric acid, etc., as indicated above. 

F. Wohler precipitated thallous chloride from the sulphuric acid soln., by adding 
a soluble chloride. The thallous chloride was converted into sulphate and the soln. 
electrolyzed. F. Wohler fused the electrodeposited metal with potassium cyanide 
out of contact with air. E. Carstanjen used a similar process, but precipitated the 
thallium with zinc. R. Nietzki, and M. SchafTner precipitated thallous iodide from 
the aq. extract from the flue-dust ; converted the iodide to sulphide, by sodium 
sulphide ; and the sulphide to sulphate by sulphuric acid. The thallium was 
precipitated by zinc or by electrolysis, and the metal fused in a stream of hydrogen 
or in contact with oxalic acid. 

J. W. Gunning, J. Krause, F. Stolba, and F. Forster have also described pro- 
cesses for extracting thallium from the flue-dust ; and A. R. von Schrotter, a 
process for the extraction of thallium from lepidolite and mica. R. Bunsen treated 
with zinc the mother liquor from the zinc sulphate crystallization vats. The 
deposit was extracted with dil. sulphuric acid to dissolve the cadmium and 
thallium ; and the thallous iodide precipitated from the soln. by the, addition 
of potassium iodide. 

W. Crookes, and A. Lamy found thallium oxide is reduced by hydrogen with 
difficulty ; A. Lamy obtained thallium by treating the carbonate with carbon ; by 
fusing the chloride with zinc ; or by heating the chloride with potassium or sodium ; 

G. Werther reduced the iodide by fusion with potassium cyanide ; and J. E. Willm 
obtained thallium by heating the oxalate. 

W. Crookes purified thallium or thallous chloride by converting it into sulphate. 
The slightly acid soln. was treated with hydrogen sulphide to remove traces of 
mercury, silver, arsenic, antimony, and bismuth ; the filtered soln. was treated with 
aq. ammonia to remove traces of iron and aluminium. The filtrate waB cone, by 
evaporation until crystals of thallous sulphate separated out. Thallium is best 
obtained from the soln. of thallous sulphate by electrolysis. The electrodeposition 
of thallium has been discussed by L. Schucht, G. Neumann, W. J. Mfiller, F. Forster, 
M. Bose, M. E. Heiberg, G. W, Morden, etc. A. 8. Cushman, and F. Ephraim and 
P. Barteczko used a somewhat analogous process. T. W. Richards and C. P. Smyth 
thus describe the preparation of purified thallium : 
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Nuggets of crude metal, containing perhaps 7 per cent, of lead and small amounts of 
other impurities, were dissolved in dil. pure sulphuric acid. Most of the lead remained 
undissolved, partly as u metallic powder and partly as precipitated sulphate. The cooled 
and somewhat dil. soln. was filtered ; to it was added dil. redistilled hydrochloric acid drop 
by drop, with constant stirring. Very little, if any, lead was found in the precipitated 
thrtllous chloride, which was- washed several times by decantation. Pure cone, redistilled 
sulphuric acid converted the Holid thullous chloride into sulphate. This thallium sulphate, 
which on dilution gave no precipitate of laud sulphate, was crystallized by cooling to 0°. 
The long needles of the salt were thoroughly dried, recrystallized at least twice (sometimes 
thrice) in a silica dish, by cooling with ice a soln. almost saturated at the b.p. The solubility 
curve is steep and the process efficient. From this sulphate, which must have been amply 
pure enough for our purpose, metallic thallium was prepared by the electrolysis of the sat. 
soln. of the sulphate in water ; the electrodes wore short- platinum wires exposing not more 
than 1 cm. of tneir length to the soln. The anode was placed on the bottom of the boaker 
containing the soln. (being protected above by a long glass tubo into which it was sealed), 
while tho cathode merely dipped beneath the surfaco. The heavy red-brown deposit of 
peroxide at tho anode remained at the bottom of tho beaker and therefore did not con- 
taminate t he crystalline spongy mass of thallium deposited on the cathode above. A current 
of about 1 amp. was used and the thallium was removed at frequent intervals from the 
cathode by means of a small glass fork, and it was rinsed thoroughly with puro water, pressed 
together, and kept under puro boilod water until fused. 

0. Bredig and F. Haber 2 prepared colloidal thallium by the electrolysis of a 
soln. of potash-lye (1 : 20) with a thallium cathode. T. Svedberg obtained organo- 
sols in ether by his electrical disintegration process. S. Bodforss and 1\ FrolieJi 
found T. Svedberg’s method gave good results for colloidal thallium. 
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§ 3. The Physical Properties o! Thallium 

According to W. Crookes, 1 the colour of thallium is white with a bluish-grey 
tinge, somewhat paler than lead. A freshly-cut. surface has a bright metallic lustre 
which Boon dullB on exposure to air. The crystal constants of thallium have 
not beeu determined. K. Becker and F. Ebert found that the X-radiogram corre- 
sponds with a face-centred tetragonal lattice, with <*=4'75A., and c=5*40A. 
S. Niahikawa and G. Asahara studied the effect of annealing and rolling on the 
X-radiogram and showed that there is an abrupt change in the pattern at about 
227°. W. L. Bragg estimates the atomic radius to be 2-26 A., and M. N. Saha 
estimated 0*99 A. Thallium precipitated by zinc or by electrolysis appears in needles 
or plates ; a bar of the metal is crystalline and when bent emits a sound like the. 
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“ cry of tin.’* According to A. Lamy, the Specific gravity of thallium is 11*862 ; 
G. Werther gave 1 1 *777- 1 1 *900 ; L. de la Hive gave 1 1 *808 for wire at 1 1", and 1 1 *858 
at 11° for the cast metal ; W. Crookes gave 1 1 *91 for wire, 1 1*88 for t he pressed met al, 
and 11*81 for the cast metal. T. IV. Richards and J. 11. Wilson gaVe 11*85 for the 
sp. gr. of thallium at 20°. D. Omodei gave 11*509 for the sp. gr. of thallium at the 
m.p. ; and H. Endo, 11*7270. The latter found thallium gives a 3*23 per cent, 
expansion during solidification ; D. Omodei gave 4‘3 per cent. ; and M. Topler, 
3*1 per cent. W. Crookes, and A. Lamy found that the metal is soft enough to be 
scratched by the finger-nail, and to be cut with a knife ; it is scratched by lead. 
According to J. R. Rydberg, the hardness of thallium is 1*2 when that of lead is 1*5. 
C. A. Edwards gave 6*95 for the hardness of thallium when that of tin is 15*0, and 
copper, 53. P. Nicolardof showed that thallium is hardened by hammering. 
C. A. Edwards and M. A. Herbert gave 3*2 for the plasticity numlier when that of 
copper is 49*3. J. II. Hildebrand and co-workers computed the internal pressure. 
The malleability of thallium is high, and the tenacity low. A. Lamy found it could 
bo rolled into plates 0*01 5 nun. thick. According to W. C. Roberts-Austen, thallium 
with 0*193 per cent, of impurity has a tensile strength of 6*21 tons per sq. in., and an 
elongation of 8*6 per cent, on 3 ins. H. von Wartenberg found that thallium can 
dissolve some oxygen, presumably as thallous oxide, and retain its ductility. 
Thallium with 0*5 per cent, of oxygen can be drawn like thallium alone into short 
wires, but if 1 *3 per cent . of oxygen is present, it loses 1 his property. T. W . Richards 
and co-workers found the compressibility of thallium, i.e. the average fractional 
change of volume between 100 and 500megabars press., to be 2*3 X 10”° per megabar, 
at 20°; P. W. Bridgman gave 3*4 X 10 ° at 30°, and 3'67 xlO~ 6 at 75°, and ho 
found that if v denotes the vol. at 0° and atm. press., and the change in vol. 
by the application of a press, p kgrms. per s(). cm., then *. 

p 3000 0000 9000 12,000 

8vjv X 10 7 ut 30° . --0*00978 - 0-01872 -0*02700 -0*03505 

10 7 at 75° . -0*01011 -0*01008 -0 02724 0*03554 

and —(dajadp) -1*53 Xl0~ 5 for extruded thallium, where a denotes the coeff. of 
linear expansion. N. Werigin, J. Lcwkojcff, and G. Tammann measured the 
velocity of flow of solid thallium at different temp, tinder higli press., and found 
evidence of a transformation at about 187°. N. S. Kurnakoff and S. F. Scheni- 
scliuschny found the flowing press, to bo 5*8 kgrms. per sq. nun. 

M. Levin found that thallium exists in two allotropic forms which are enantio- 
tropic a-Tlv=*j9-Tl with the transition temperature at- 220° ; according to 

R. 8. Williams, the temp, is not affected by the presence of antimony. G. I. Petrenko 
gave 227° for the transition temp.; M. Clukashige, 231*8' ; N. S. Kurnakoff and 
N. A. Puschin, 227°; K. Lewkonja. 230*5°; L. Densky, 224°; G. Voss, 238°; 
M. Werner, 220° ; T. W. Richards and C. P. Smyth, 235*3° ; N. S. Kurnakoff, 

S. F. Schemtschuschny, and V. Tararin, 229° ; P. Pavlovitch, 234° ; G. D. Roos, 
233° ; P. Fuchs, 231°-233° ; and S. Nishikawa and G. Asahara, 227°. M. Werner 
studied the effect of press, up to 3000 kgrms. per sq. cm. on the transition temp., 
and found the slope at the transition temp, is only —2° per 1000 kgrms. *, so that the 
transition temp, falls from 226° for p— 1 kgrm. per sq. cm., to 220° for p—3000 
kgrms. per sq. cm. As the temp, passes through 226°, the volume contracts 
0*000044 c.c. per gram, and dT/dp is 0*002° per kgrm. P. W. Bridgman sought 
for a third modification, but none appeared up to 12,000 kgrms. per sq. cm. at 200°. 

According to H. Fizeau, the coeff. of linear expansion is 0*00003021 at 40°, 
and 0*0000325 at 50° ; and the coeff. of cubical expansion of the liquid between 
302° and 351° is 0*000150, according to D. Omodei, and 0 0001 28, according G. Pacher. 
A gram of thallium expands on melting 0*0027 c.c. or 3*1 per cent., according to 
M. Topler, or 3*22 per cent., according to G. Pacher. A. Lamy gave 0*0325 for 
the specific heat ; and H. V. Regnault gave 0*0335. H. C. Schmitz found the 
sp. ht. between —192° and 20° to be 0*0300, and 0*0326 between 20° and 100° ; 
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while P. Nordraeyer and A. L. Bernoulli obtained 0 0379 between —185° and 20°. 
H. BUrger found 

—80° 50° - 20° 0° 50° 100° 150° 180’ 

8p. ht. . . 0*0288 0 0288 0*0280 0*0291 0*0290 0*0305 0*0310 0*0324 

At. ht. . . 5*875 5*870 5*986 5*939 0*058 0*225 0*440 0*009 

The sp. ht. dQ/dT at 0° is represented by 0*028757-|-0'0 7 55()5(^-f _ ^G 2 I an ^ between 

-80° and 0°, and g==O*O28757(0+8O)+O*O 7 1835(0+8O)3. T. W. Richards and 

F. G. Jackson gave 0*0296 for the mean sp. ht. between —192° and 20° ; and 
W. Nernst and F. Schwers, gave 0*0277 at —177*3°, and 0*0143 at —250*1°. 

G. N. Lewis and co-workers, and E. D. Eastman gave 14*6 cals, per degree for the 
entropy of thallium at 25° and atm. press. According to H. C. Schmitz, the at. 
ht. at —85° is 6*12, and at 60°, 6*65. E. van Aubel discussed the theoretical 
value of the at. lit. A. Lamy said thallium has a low thermal conductivity, 
while W. Crookes regarded it as a good conductor. W. B. Brown found a drop of 
about one-tenth in the thermal conductivity of thallium at about 120°, which is 
supposed to represent a polymorphic change. 

A. Lamy gave 290° for the melting point of thallium ; W. Crookes, 285° ; 
1). Omodei, 204*05; C. T. Heycock and F. H. Neville, 303*7°; N. S. Kurnakoff 
and N. A. Puschin, 30l*2°-301*7° ; R. S. Williams, P. Pavlovitch, and M. Chikashige, 
301° ; A. von Vegesack, 302° ; K. Lewkonja, 299*4° ; N. S. Kurnakoff, 8. F. Schemt- 
schuschny, and V. Tararin, 301*2°; P. Fuchs, 301*7°; T. W. Richards and 
C. P. Smyth, 303*5° ; H. Endo, and W. R. Mott, 303*7? ; 0. D. Roos, 302° ; F. Doe- 
rinckel, 311° ; G. I. Petrenko, 303° -304° ; and G. K. Burgess gave 302° ± 1° for the 
best representative value ; and W. Guertler and M. Pirani, 301°. C. T. Heycock and 
F. H. Neville gave 301 302° for the f.p. of thallium, and they also gave 5*12 cals, 
per gram for the latent heat of fusion, while F. W. Robertson gave 7*2 cals. ; 
T. W. Richards and C. P. Smyth, 8*3 cals. ; G. N. Lewis and M. Randall, 7*1 cals. ; 
and G. D. Roos, 7*38 cals, per gram. C. T. Heycock and F. H. Neville measured 
the lowering of the f.p. of sodium, cadmium, tin, lead, and bismuth by thallium. 
According to W. Crookes, thallium volatilizes at a red heat, boils at a white heat, 
and it can be distilled in a stream of hydrogen. G. W. A. Kahlbaum, K. Roth, 
and P. Siedler distilled thallium in vacuo. F. Kralft and A. Knocke found that 
thallium begins to volatilize at 174° in vacuo, and the boiling point is 818° under 
the press, of its own vapour 150 mm., or at 1462 c at 760 mm. press. H. Biltz and 
V. Meyer gave 1650° nearly ; E. Isaac and G. Tammann gave 1515° for the b.p. 
under normal press. ; W. R. Mott, 1280° ; G. E. Gibson, 1660° ; and H. von Warten- 
berg gave for the vapour pressure 0*056 mm. at 634°; 1*329 mm. at 783°; 
24*31 mm. at 970° ; and 760 mm. at 1306° ; and for the latent heat of vaporization, 
28 Cals. ; G. E. Gibson gave 38 Cals. The vapour density — air unity — at 1636° 
was found by H. Biltz and V. Meyer to be 16*115 ; and 14*248 at 1728° ; H. Biltz 
gave 14*77 at 1649°. The calculated values for a monatomic mol., Tl, is 14*167 ; 

H. von Wartenberg obtained a vap. density 220— H unity— between 1320° and 
1690°. 

The atomic refraction or eq. refraction of thallium, according to J. H. Gladstone^ 
is 21*6 with the H a -Y\ne ; and, according to W. J. Pope, 22*14 with the D-ray. 
0. A. Valson lias made some observations on this subject. J. C. McLennan gave 
for the index of refraction, /x, of thallium vapour at 540°, for light of wave-length A, 

A . 4358*56 4861*49 5460*97 5769*45 5790*49 5893 6234*31 6563*04 

H . 1*000229 1*000110 1*000293 1*000222 1*000144 1*000165 1 000309 1*000142 

He also obtained an anomalous dispersion for wave-lengths 5350*65 A., and 6000 A. 
H. R. von Traubenberg found 23*3 xl(T 4 cm. for the range of the a-rays from 
radium-C in thallium. J. Stark and G. von Wendt studied the Stark effect with 
canal rays. 

The discovery of thallium by W. Crookes was due to its producing a character- 
istic green spectral line, and this was confirmed by the observations of A. Lamy. 
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Thallium and its compounds colour the non-luminous gas-flame an intense green, 
but, as R. Bunsen showed, the coloration does not persist very long on account of 
the # volatility of the thallium salts. The intense green thallium line has the wave 
length A— 5350 7. Its position is very near the barium band A—5347 0, the Ba # 
of R. Bunsen and G. Kirchhoff : but the two are not liable to be confused because 


the barium band is broader and less intense than the thallium line. According 
to A. Perot and C. Fabry, the green thallium line is really a triplet. J. Nickl&s said 
that the presence of sodium chloride prevents the appearance of the green ray, 
but W. Crookes showed that this is wrong. C. Fredenhagen found that the chlorine 
flame is not coloured by thallium. F. Kurlbaum and G. Schulze said that the temp, 
of an alcohol flame coloured by thallous chloride is 1476°, and if coloured by sodium 
chloride, 1409°. A. Lamy said 0 , 000002 mgrm. of thallium can be detected from 
its flame spectrum. W. Schuler, and A. de Gramont also studied the sensitiveness 
of the spectral lines. The most intense lines in the arc spectrum are 2709*33, 2767*96, 
2918*42, 2921-06, 3229 89, 3519*37, 3529*53, 3775*89, 5350*70; and in the spark 
spectrum, 3519*37, 3529*53, 3775*89, and 5350*70. 

The flame spectrum has been studied by J. Midler, F. Bernard, E. Kettelcr, 
J. Pliicker and W. Hittorf, E. Mascart, R. Ruhlmann, A. Cornu, L. de Boisbaudran, 
A. Oouy, J. N. Lockyer, G. D. Liveing and J. Dewar, 

A. A. Michelson, D. Cochain, J. M. Eder and [ [ 1 


E. Valenta, A. Hagcnbach and H. Konen, 
H. Auerbach, C. Fritsch, etc. J. Papish said 
that thallium chloride dissociates in Bunsen’s 
flame and the free metal colours the flame and 


Fig. 1. — Flamo Spectrum of 
Thallium. 


may be deposited on a cold surface as a brown 

mirror ; with the hydrogen flame in air, metallic thallium also deposits from the 
innermost core, but the luminescence of the outer core is probably due to an oxide. 
The spark spectrum has been investigated by W. Huggins, R. Tlialen, L. de Bois- 
baudran, R. Capron, W. N. Hartley and co-workers, E. Demar^ay, A. Hagenbach 
and H. Konen, F. Exner and E. Haschek, J. M. Eder and E. Valenta, J. H. Pollok, 


etc. ; the arc spectrum, by J. Tyndall, R. Capron, H. Kayser and C. Runge, 
H. A. Rowland, A. Hagenbach and H. Konen, F. Exner and E. Haschek, J. M. Eder 
and E. Valenta, C. E. Gissing, and W. Huppers, B. E. Moore, etc. ; the ultra-violet 
Spectrum, by W. A. Miller, E. Mascart, G. I). Liveing and J. Dewar, A. Cornu, L. and 
E. Bloch, F. Exner and E. Haschek, E. Neculeea, R. W. Wood and D. V. Guthrie, 
etc. ; the ultra-red spectrum, by H. Beequerel, E. P. Lewis, F. Paschen, etc. ; the 
band spectrum, by J. Pliicker and W. Hittorf, H. Konen, W. N. Hartley, etc. ; and 
the cathode ray spectrum, by E. P. Lewis. The high frequency or X-ray spectrum 
has been studied by M. Siegbahn and E. Friman, D. Coster, E. Hjalmar, etc. The 
absorption spectrum of the vapour has been examined by J. N. Lockyer and 
W. C. Roberts-Austen, W. Grotrian, J. C. McLennan and co-workers, J. A. Carroll, 
etc. Thallium salts give no absorption spectrum. According to J. Formanek, if 
tincture of alkanna be mixed with an aq. soln. of thallium nitrate, the liquid is not 
changed, but if a few drops of ammonia are added, the liquid becomes blue, and it 
shows two absorption bands— one at A=6288, and the other at A-5770. The 
nature of the spectral lines, and the series spectra of thallium have been discussed 
by C. Ciamician, G. D. Liveing and J. Dewar, W. Grotrian, A. Fowler, J. A. Carroll, 
A. Cornu, W. N. Hartley, H. Wilde, J. Barnes, L. Janicki, P. G. Nutting, etc. 
H. Kayser and C. Runge found two subordinate series of lines : 


First Series. Second Series. 

1265223n~ 4 10»A- 1 =4 1506-4 - 12201 7n~ J - 790683n~ 4 

lO'A - 1 =•• 49337-6-1 32293n” 2 - 1 265223n“ 4 10»A~ l =49301 -3 - 1220l7n-*-790683n- 4 


The relationship between the spectra of aluminium, gallium, indium, and thallium 
has been discussed in connection with the first- named element. 

F. L. Mohler, and W. J. Humphreys studied the effect of pressure on the thallium 
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lines ; R. W. Wood and D. V. Guthrie, and H. Finger, the effect of the medium ; 
C. Fievez, the action of a magnetic field ; A. A. Michelson, the Zeeman effect J 
J. N. Lockyer, and J. Steinhausen, the enhanced lines ; G. D. Liveing, the differences 
in the spectra at the anode and cathode ; and 0. Lummer and E. Pringsheim, and 
F. Schon, H. Geisler, the anomalous dispersion. J. Stark and G, von Wendt 3 found 
that the compounds of thallium emit characteristic lines when acted upon by 
canal rays, and these have been studied by H. Smith, E. Beckmann and H. Linder, 
etc. In the X-ray spectrum the M-series was measured by W. Duane and 
co-workers, and M. Siegbahn and E. Jonsen ; and the L-series, by D. Coster, 
M. de Broglie, W. Duane and R. A. Patterson, and M. Siegbahn, who found, in 
Angstrom units, or I0~ 8 cm. units, a 2 a'=l-21603 ; a 1 a=l , 20471; 0=1-01266* 
PtY- 1-00780; 7x8=0*86529; €=1*385; 7?=1*125; y 2 0=O*8447 ; ftv=l*0371 ; 
/3 a <^=0'9978 ; y 3 x=0*8379 ; and y 4 t/r=0*8l00. The M-series of the X-ray spectrum 
was reported by G. Wentzel, and E. Hjalmar, who gave ^=5*468; a'=5*461 ; 
0=5 4499; /Jx=5*254; ^=5*2384, and y=4‘802. W. Duane and co-workers 
studied the absorption of X-rays by thallium. M. N. Saha made observations on 
the ionizing potential of thallium vapour ; and F. L. Mohler and co-workers found 
this to be 6*04 volts. F. L. Mohler and A. E. Ruark found for the ionizing 
potential 2p>— 6*082 ; and 2p 1 =5*120; and for the resonance potentials, 
^2-2?! =0*962 ; 2p K -2s =3*269 ; and 2p 2 -dd lt 2 =4*47. J. E. P. Wagstaff gave 
2*6 xlO 12 for the vibration frequency. 

According to W . Crookes, 4 thallium is a good conductor of electricity, but, accord- 
ing to A. Lamy, it is a bad one. Measurements of the electrical conductivity have 
been made by J. R. Benoit, A. Schulze, L. de la Rive, and A. Matthiessen and C. Vogt. 
J. Dewar and J. A. Fleming’s results for solid thallium between —183° and 98*5°, 
re-calculated by H. Dickson, and G. Viccntini and D. Omodei’s value for liquid 
thallium at 294°, are, in reciprocal ohms (mhos) per cm. cube, 

-sa° -78° -40° 0 ° 20 g 00° 08 - 5 ° 20 - 4 ° 

Mhos XlO 4 . . . 24-5 8 40 6-83 5*08 5 28 454 4-05 1-35 

The effect of temperature on the electrical resistance, R, at 0° between 0° and 100° 
is represented by A. Matthiessen and C. Vogt, as +0-004026404 O-O 5 884402), 

where R 0 represents the value at 0° ; J. Dewar and J. A. Fleming gave 
R—R 0 (l -i-Q'00M8d) between 0° and 100°; P.W. Bridgman foimdR=.fr o (l+OOO5170) 
between 0° and 100° ; and G. Viccntini and D. Omodei, gave R=R 0 ( 14-0-0041080 
4-O*O 6 3O160 2 4B O a 81830 3 )for the solid between 0° and 294°, and R~R 0 ( 14-0*000350) 
for the liquid between 294° and 350°. M. Werner found an abrupt change in the 
electrical conductivity of thallium wire at the transition temp. 226° ; and the temp, 
coeff. of the two modifications are different. G. Viccntini and D. Omodei’s curve 
does not show this change. M. Werner gives R=J? 0 (1 4 0*00230) for the 
interval 0° to 226°; and 2?--2? 0 (l +0*002650) for the interval 226° to 302°, the 
m.p. A. Schulze gave for the up. resistance of the solid at the m.p., 37xl0“ 6 , 
and of the liquid, 74 xl0“«. According to 0. A. Crommelin, and W. Tuyn and 
H. K, Onnes, thallium becomes a super-conductor of electricity at 2*3° K. 

P. W, Bridgman found a discontinuity in the resistance of thallium at a low 
temp, before the metal becomes super-conducting. The effect of pressure was 
studied by P. W. Bridgman, who found the following relative values for the resistance 
between 0° and 100°, and between 0 and 1200 kgrms. per sq. cm. press. : 

0° 25® 50® 75® 100® 

R • • 1*000 1 ‘1292 1-2585 1-3877 1-5170 

(Okgrm. • -00*1310 -00*1358 -00*1393 -00*1425 -00*1466 

Press. <12000 kgrms. . -0 0*1017 - 0*0*1023 - 0 0*1028 -0 0*1028 -0 0*1024 

Coeff. I average . 00*1151 -00*1165 - 00*1183 -0-0*1203 -0-0*1226 

A. Stein discussed a relation between the m.p. and the electrical resistance of 
thallium* and other metals. A, T, Waterman studied the electronic theory of the 
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conductivity. W. P. Davey calculated the atomic radios of Tl'-ion in thallous 
chloride to be 1*77 A. 

M. Werner measured the Seebeck efftet, that is, thermoelec tric&l force of the 

thallium-copper couple. There is a slight discontinuity in the o.m.f., E, at 226°, 
and he represents the values of E between 0° and 225° by 24 + 0*0161 19(0—225) 
4-0 00039768(^ 2 — 225 2 ) ; and between 225° and 249°, by E 24-1 0677(0 -225) 
+O-OO26O42(0 2 — 225 2 ). W. H. Steele made an observation on the thermoelectric 
force of the couple at 200°. P. W. Bridgman gave for the thallium-lead couple 
at atm. press. 10°^= 1*659^ — OOO1340 2 — O-OOOOO560 3 volts; for P , the Peltier 
effect, 1O 6 P~(1 , 659-O-OO2680— O'OOOO1680 2 )(0+273) volts; and for a, the 
Thomson effect, lOV^-O-OO268-OOOOO3360)(0H-273) volts per degree. For 
couples composed of one branch of compressed and one branch of uncompressed 
thallium,?. W. Bridgman found the thermoelectric force in volts Xl0° to be for 
press., ]), in kgrms. per sq. cm. : 


10 ° 20 ° 
j 2,000 . . -\ 0-88 +1*81 

p 0,000 . . 2-47 5-07 

I 12,000 . 4’20 8*78 


40° 

00° 

80“ 

100* 

+ 3-84 

{-6-07 

+8-43 

+ 10-87 

10-59 

10-48 

22-70 

29 21 

18*53 

29-15 

40-49 

52-40 


The e.m.f. is positive and increases regularly with temp, and press. Similarly for 
the Peltier effect in joules per coulomb X 10* 5 : 




O’ 

20" 

40 " 

00 ‘ 

HU“ 

100“ 


1 2,000 . 

+ 23 

| 28 

+33 

38 

+ 42 

HO 

7>| 

0,000 . 

00 

78 

89 

101 

112 

124 


12,000 . 

112 

130 

100 

183 

200 

229 

The Peltier effect is 

positive and 

increases with temp. 

and press. 

Likewise also for 

the Thomson heat ( 

dfect in joules per 

coulomb per degree X 10 8 : 





0° 

20’ 

40 ’ 

oo 1 

80“ 

100° 

i 

1 2,000 . 

+ 10 

+ 15 

+ 12 

+ 12 

+ 9 

+ 0 

v\ 

0,000 . 

38 

32 

28 

27 

26 

20 

1 12,000 . 

79 

73 

07 

00 

55 

50 


The Thomson heat effect increases with press, except at the maximum temp, and 
press., but it decreases regularly with rising temp. J. C. McLennan found the 
ionizing potential for the single line spectrum of thallium vapour to be 2 28 volts 
— analogous with the corresponding 4‘9 volts of mercury vapour ; and the value 
8*29 volts- analogous with the 10-27 volts of mercury vapour. F. L. Mohler and 
A. E. Ruark studied the different stages in the excitation of the thallium spectrum. 
H. Ureinacher studied the flame ionization by thallium salts. A. Lamy found 
thallium to be diamagnetic, and K. Honda found the magnetic susceptibility at 
ordinary temp, to be — 2*9 xlO" 9 vol. units. Observations were also made by 
S. Meyer, and M. Owen. 

B. Neumann 5 found the absolute potential of thallium in iV-TlNO^ to be -f 0*112 
volt; in 2V-T1 2 S0 4 , 40*114 volt; and in iV-TICl, 0151 volt. N. T. M. Wilsmore 
gave for the sequence of metals in the electrochemical series : 

K . . . Mn Zn C<1 Fe T1 Co XI . . . Ji 

+ 3-20 . . . +1-075 +0-770 -f 0-420 +0 340 +0-322 ^ 0 232 +0 228 ... O 


Thallium has therefore a decided tendency to assume the ionic state. J. F. Spencer, 
R. Abcgg, I. Shukoff, and F. J. Brislee made observations on this subject. 
There is a marked difference between the potential difference of thallium and 
a sat. thallium amalgam. T. W. Richards and C. P. Smyth found that purified 
compact thallium possesses at 20° an electrode potential 2*1 millivolts higher than 
sat. thallium amalgam. Wh€n immersed in a soln. normal in thallous ions and 
connected with a normal calomel electrode, the total potential 0 6192 volt is indi- 
cated at 25°. The potential of pure thallium is not influenced by quenching the 
metal, which is so soft that no important strain can exist in it. a-thallium is the only 
phase of the pure metal stable at room ^mp. Finely divided electrolytic thallium 
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sponge gives a potential 06 millivolt higher than the compact fused form. The 
difference is probably due to the fine state of division, and disappears on long 
standing. The difference of potential shown by /8-thallium (if it could exist at 
ordinary temp.) would probably be nearly three times as great. G. Jones and 
C. W. Schumb measured the potential of the thallium electrode in a sat. soln. 
of thallous chloride, and the e.m.f. of T1 J TlCl^t , 0TN-KC1 | HgCl, with normal 
and decinormal calomel electrodes at 25° and 0°, and found £— +0-71821 volt at 
25° and + 0*7582 volt at 0°; and with iV-KCl, £-+0-7290 volt at 25° and 
+0-7102 volt at 0°. This gives for the normal potential of the thallium electrode, 
+0-5885 volt at 0° and +0-6188 volt at 25°. G. Tammann studied the potential 
difference of thallium and fused cuprous, silver, stannic, and lead chlorides, and 
of thallous chloride with magnesium, manganese, or aluminium. R. Kremann 
and co-workers investigated the e.m.f. of the cell T1 j N-Na 2 S0 4 | Tl n -iNa n , 
and similarly with the potassium alloys. G. N. Lewis and C. L. von Ende 
showed that early measurements gave anomalous results with Nernst’s formula 
for the relation between the thallium potential and the cone, of the 
thallium ion, because adequate precautions were not taken to prevent the 
oxidation of the thallium electrode by the oxygen dissolved in the soln. As a con- 
sequence., the cone, of the thallous ion next to the electrode is increased, and the< 
percentage change is greater the more dil. the soln. H. G. Denham assumed that 
metallic thallium in the presence of thallous ions forms sub-thallous ions; 
F. Kohlrausch and H. von Steinwehr attributed an analogous trend in the con- 
ductivity of thallous chloride soln. to the tendency of thallium to form complex 
ions ; and it might also be supposed that a double ion Tl 2 ” is formed as in the case 
of univalent mercury. G. N. Lewis and G. L. von Ende found that if C denotes the 
cone, of the salt in soln. ; a, the degree of ionization computed from conductivity 
measurements ; (+ the ionic cone. ; and E, the potential against the sat. thallous 
chloride electrode, then the values of E calculated by Nernst’s equation show no 
anomaly in the e.m.f. behaviour of the thallous ion when precautions are taken 
to prevent electrode oxidation : 



V 

a 

C't 

E (()l)8 ) 

E (calc.) 

T1N0 3 . 

. 01000 

0-79 

0-0790 

— 00422 

-00438 

two 3 . 

. 00333 

0-88 

00293 

-0-0183 

-00182 

T1C1 (sat.) 

. 00101 

0-89 

00143 

0 

0 

TlNOg . 

. 00100 

0-93 

00093 

-f 0-0113 

+ 00113 

TIBr (sat.) 

. 0-00109 

0-97 

000193 

+ 00513 

+ 0-051(1 


The potential of purified thallium against hypothetical normal thallous chloride is 
0-6170 volt at 25° when the normal calomel electrode is zero. There is here no 
evidence supporting H. G. Denham s conclusion that thallium forms sub-thallous 
IT 2 -ions. T. W. Richards and C. P. Smyth’s observations led them to the following 
conclusion : 

a-thallium dissolves mercury, increasing in hardness and volume up to about 5 per cent, 
of mercury. When more mercury is udded, another solid phase of about the same hardness 
and volume, but containing more mercury, appears. These two phases appear to exist 
mixed together in equilibrium, over the range from about 5 per cent, to 10 per cent, of 
mercury ftt 20°. With more than about 10 per cent, of mercury, the a-thallium solid soln. 
ceases to exist and the other phase continues to dissolve mercury in solid soln. until it is 
saturated (with perhaps 15 per cent, of mercury). The other solid phase is probably a 
solid soln. of mercury m /3-thallium, which appears in definite crystalline form, making the 
amalgam friable after the admixture of an a-thallium has been eliminated, /^-thallium can 
exist at ordinary temp, only in the presence of much mercury, but it is always the form 
present in equilibrium with the liquid amalgam. 

According to L. Jonas, when a soln. of thallous hydroxide is electrolyzed, thallium 
is deposited on the cathode and an oxide on the anode. The oxide contains slightly 
less oxygen than is required by the formula T1 2 0 3 , its composition being better 
represented by 17T1 2 0 3 , T1 2 0. The quantity deposited is equal to that calculated 
by means of Faraday’s law. The process is reversed when the direction of the 
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current is reversed. The chemical reaction in the*cell Tl 2 0 3 | T10H' | Tl is, 
therefore, Tl 2 0 3 +4TI-f3H 2 0r=i6Tl--f 60H', and the e.m.f. is given by E-~E Q 
— RTjiF log C*Tl’C*OH'. The experimental results agree satisfactorily with the 
calculation. The e.m.f. of the cells of the thallium accumulator used lies between 
0‘55 and 065 volt, and the capacity per kilogram is no greater than that of the lead 
accumulator. J. Regnauld measured the e.m.f. of the cell Zn | ZnS0 4 , T1 2 S0 4 | Tl. 
W. Ostwald gave 10 Cals, per valence for the heat of ionization. K. Fajans and 
M. Born calculated the vol. and heat of ionization of Tl -ions. K. G. Falk found 
the transport number of the cation in thallous sulphate soln. to be (P479, and 
W. A. Bain, 0 472 ; and A. A. Noyes and K. G. Falk gave 7‘60 units for the speed 
of migration of the cation at 25°. 

W. J. Muller examined the anodic polarization of thallium in ^A r -sodium 
hydroxide, the current increases regularly with the polarization, and thallium dis- 
solves in the univalent form up to an applied e.m.f. of 10 volts. With the anode 
in iV-sodium hydroxide, there aro three points on the polarization-strength of 
current curve at which the polarization remains practically constant with increased 
current, the first, at —07 volt, represents the dissolution of thallium in the univalent 
form ; the second, at +0 volt, probably represents the dissolution in the bivalent 
form ; the third, at -fl’l volt, has not been fully investigated. When the polarized 
oxidized electrode is allowed to discharge, halts are observed at —0 .3 and — 0*6 
volt. When the applied e.m.f. in ^-A' -sulphuric acid is gradually raised, a point 
is reached at which the current remains practically constant on further increasing 
the e.m.f., and pulsations occur. The current in these circumstances is proportional 
to the surface of the electrode, and stirring increases it considerably. The explana- 
tion advanced is that thallous sulphate forms on the anode, and gives rise to a con- 
siderable resistance, but as it diffuses away, it allows the current to pass. Stirring 
naturally accelerates the diffusion of the salt, and thus increases the current. In 
both N- and iV/10-sulphuric acid with larger applied e.m.f., abnormal polarization 
occurs, so that thallium shows two different states of passivity. In the former soln., 
yellow crystals are formed on the anode, which probably represent a mixture of 
thallous and thallic sulphate. Complicated phenomena also occur when sodium 
sulphate is used as electrolyte. 
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§ 4. The Chemical Properties of Thallium 

Le thallium est destine a faire 6poque dans l'histoiro do la chimie par l'dtonnant contraste 
qui so manifesto entre ses caracUres chimiques et sos propri^t&j physiques. 11 n’y a pas 
d’exageration i\ dire qu uu point de vue de la classification g^n6raleinent accepUSe pour los 
m6taux, le thallium offre une reunion de propri£t£s eontradictoires qui autoriserait A l’appeler 
le m£tni paradoxal, rornithorrhynque des mAtaux. - J. B. A. Dumas. 1 

Thallium forms two series of salts— thallous and thallic compounds— in which 
the element is respectively uni- and ter-valent. The general properties of the two 
series are very different. In the early days there were difficulties in assigning 
thallium a place in a particular family of elements. W. Crookes’ premise that it 
belonged to the sulphur family was soon abandoned. The physical properties of 
the metal — appearance, sp. gr., hardness, m.p., and electrical conductivity — were 
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found to be analogous with those of lead , so also were many of the chemical pro]«v 

tics of the salts of univalent thallium analogous with those of bivalent lead—e .g. t} i( 
sparing solubility and colour of the thallous halides , and chromate , and the behaviour 
of the aq. soln. towards zinc are also analogous to the corresponding lead salts . Tim 
differences in valency, etc., however, were too pronounced to allow thallium to bo 
included with the lead family of elements. Univalent thallium resembles the alkali 
metals in the flame spectra ; the ready oxidation of the metal in air, the solubility 
of the hydroxide, sulphate, and carbonate in water ; the existence of thallia-alums, 
and thallium chloroplatmate; and the isomorphism of its salts with thoseof potassium, 
rubidium, and caesium. C. F. Rammelsberg, and G. N. Wyrouboff investigated the 
isomorphism of the sulphates, alums, phosphates, and tartrates ; A. Fock, the dithio- 
nates ; H. W. B. Roozcboom, the chlorates ; H. E. Roscoe, the perchlorates ; and 
J. W. Ketgers, and C. van Eyk, the nitrates. Here again the differences were too 
marked to permit thallium being included with the family of alkali metals. Tervalent 
thallium has analogies with the aluminium family, it has but a small tendency to 
form alums ; and in the low stability of the chloride and its tendency to form com- 
plexes, it resembles gold. I). I. Mendeleeff, in introducing the periodic classification, 
argued strongly in favour of including thallium with the aluminium family. He 
showed that in arranging the elements in the order of their at. wt., aluminium comes 
between magnesium ami silicon, and thallium between mercury and lead. Just as 
the higher oxide of mercury is alone analogous with magnesium oxide, so does the 
highest oxide of lead show an analogy with silica, and the highest oxide of thallium 
show an analogy with alumina. Magnesium and mercuric oxides are strongly 
basic, aluminium and thallic oxides are feebly basic, while lead and silicon dioxides 
are feebly acidic. Lead, thallium, and mercury form a basic oxide lower than 
plumbic and mercuric oxides, while silicon, aluminium, and magnesium do not form 
well-defined lower oxides. The higher oxides HgO, T1 2 0 3 , and Pb0 2 are peroxidic 
relative to the lower oxides Hg 2 0, T1 2 0, and PbO, and give off oxygen when heated ; 
the higher chloride of mercury is stable, that of thallium unstable, and that of lead 
very unstable. 

Thallium does not form any compound with hydrogen. A. Sieverts,- and 
D. l\ Smith found that the quantity of gaseous hydrogen occluded by thallium can 
scarcely be detected, although, as T. W. Richards and C. P. Smyth pointed out, 
hydrogen formed at the cathode during electrolysis might be occluded to a greater 
extent as is the case with iron. L. Troost and P. Hautefeuille detected no analogy 
with the alkali metals in the tendency of thallium to form hydrides. Only a few c.c. 
are absorbed by the metal at 500° and 760 mm. press. W. B. Herapath assumed 
that a thallium hydride was formed which burnt with a green-coloured flame, but 
W. Crookes could not confirm this observation in the action of acids on zinc in the 
presence of thallium salts, or in the action of acids on a zinc-thallium alloy. When 
hydrogen is passed over red-hot thallium, the gas may carry along fine particles of 
the metal which colour the flame of the burning gas. 

When a freshly cut surface is exposed to air, A. Lamy noted that it is gradually 
covered by a dark grey film which protects the metal from further change; at 100°, the 
metal rapidly becomes brown, but regains its lustre when dipped in water owing to 
the dissolution of the oxide. G. Gore said that attack by air is very slow in the cold, 
and rapid at 100°. 0. F. Schonbein found that thallium is not changed at ordinary 
temp, in dry oxygen, and in thoroughly dried ozone, also, no change is perceptible, 
but in the presence of moisture, a brown film of oxide is immediately formed. 
A. Lamy found that when melted in oxygen, the metal inflames and becomes 
incandescent. According to J. B. A. Dumas, below a red heat the metal oxidizes, 
forming thallic oxide ; at a red heat, a mixture of crystalline thallie and thallous 
oxide alone is formed. W. Crookes, A. Lamy, and E. J. Chapman noted that when 
heated above its m.p. in air, thallium gives brown fumes. W. Crookes said that 
when the moist metal is exposed to air, crystals of thallium carbonate are formed. 
A. Lamy found that water alone at ordinary temp, does not act on thallium, nor 
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floes the metal decompose boiling water ; but W. Crookes found that the red-hot metal 
decomposes steam. C. Weltzicn, and G. Wyrouboff said a mixture of thallous and 
1 thallic hydroxides are simultaneously formed : 2T1-|-4H 2 0— T10H-f-Tl(0H) 3 4-2H 2 . 
R. Bottger noted that the metal is attacked by water with dissolved air, forming 
a mixture of thallous hydroxide and carbonate ; and added that thallium is best 
preserved under water which has been weH boiled, under an aq. soln. of glycerol, 
or under a soln. of thallous carbonate. J. Schiel recommended keeping the metal 
under water in which some drops of petroleum had been shaken. A. Kolliker 
emphasized the rapid oxidation (and dissolution) of thallium in aerated water. 
According to C. F. Schonbein, hydrogen peroxide produces a brown crust of thallic 
hydroxide which is later reduced to thallous hydroxide with the evolution of oxygen ; 
K. Birnbaum also studied this reaction. 

H. Moissan found that fluorine acts on thallium so vigorously that the metal 
becomes incandescent ; A. Lamy, that thallium is attacked when heated in chlorine 
gas, and V. Thomas, that dried liquid chlorine has very little action on the metal. 
A. Lamy found that thallium unites with bromine, and, added J. Nicklcs, the action 
is faster in the presence of water or alcohol. W. Crookes noted that iodine unites 
with heated thallium. R. Lepsius found that when thallium is heated in a stream 
of hydrogen chloride, hydrogen is evolved and thallous chloride formed. According 
to F. Kuhlmann, hydrochloric acid, and the halide acids, attack thallium with 
difficulty owing to the sparing solubility of the thallium halide, but hydrofluoric 
acid, which forms a readily soluble fluoride, attacks the metal tardly. W. Crookes 
found that aq. chloric acid dissolves thallium, forming thallous chlorate ; and 
H. E. Roscoe found that, perchloric acid likewise attacks the metal, forming 
thallous perchlorate. 

According to W. Crookes, and A. Lamy, when thallium is melted with sulphur, 
selenium, or tellurium, the elements unite chemically. H. Pelabon lias studied the 
union of thallium with sulphur, selenium, and tellurium. A. Rohrig found warm 
sulphurous acid attacks thallium very slowly .forming thallous sulphite. W. Crookes, 
and A. Lamy found thallium dissolves in sulphuric acid, forming thallous sulphate. 
W. 0. Rabe showed that the dil. acid acts slowly, while the cone, acid acts more 
rapidly. According to A. Ditte, thallium dissolves in dil. sulphuric acid at a low 
temp, with the evolution of hydrogen, while the cone, acid forms sulphur dioxide, 
hydrogen sulphide, and free sulphur. F. W. Clarke stated that boiling telluric acid 
does not attack thallium. P. Nicolardot found thallium is not attacked by boiling 
sulphur chloride, S 2 C1 2 — presumably a protective layer of chloride is formed. 
H. G. Denham found that thallium is dissolved by a soln. of thallous sulphate, and 
he assumed that a subsulphate is formed. 

H. Flemming said that nitrogen does not unite directly with thallium ; and 
F. H. Newman observed no absorption of this gas by thallium on the cathode of a 
discharge tube. C. A. Seely also found that liquid ammonia is without action ; and 
R. Weber, that nitrogen pentoxide has no action. E. Carstanjen found that thallium 
is more readily attacked by nitric acid than by the other mineral acids, and with 
dil. nitric acid, hydrogen is evolved. W. Crookes showed that thallous nitrate is the 
main product, but if an excess of cone, nitric acid is used, much thallic nitrate is 
formed ; while J. J. Acworth and H. E. Armstrong found that with dil. nitric acid 
(l : 2), at 30°, the evolved gas contains 69 78 per cent, of nitric oxide, 19T5 per cent, 
of nitrous oxide, and 1 1 -07 per cent, of nitrogen. With warm aqua regia, G. Werther, 
and E. Willm noted that thallic chloride is formed. J. J. Sudborough noted the 
formation of a complex, T1C1.T1C1 S .2N0C1, when thallium and nitrosyl chloride are 
heated in a sealed tube to 100°. 

According to E. Carstanjen, phosphorus does not act on thallium when the two 
elements are melted together ; but H. Flemming found that when phosphorus 
vapour is passed over molten thallium, a thin dark-coloured crust of possibly thallium 
phosphide is formed. E. Carstanjen found that thallium and arsenic or antimony, 
or bismuth readily alloy when melted together. Q. A. Mansuri obtained the f.p. 
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curves shown in Fig. 2 for binary alloys of arsenic and thallium. The two elements 
do not act on one another chemically, nor do they form solid soln. There is a 
eutectic at 215° with 8'01 per cent, of arsenic ; with increase of arsenic the f.p. of the 
alloys rise to 240°. Alloys with 13 to about 40 per cent, of arsenic begin to freeze 

at 240° and form two layers — the upper 
one being rich in arsenic, and the lower 
one rich in thallium ; with over about 
40 per cent, of arsenic, the two layers 
disappear, and the soln. becomes uniform. 
R. S. Williams obtained the f.p. curve 
shown in Fig. 3 for binary alloys of 
thallium and antimony. There is evi- 
dence of the formation of the thallium 
tritaantimonide , Tl 3 Sb. R. Kremann and 
A. Lobinger measured the e.m.f. of the 
thallium-antimony alloys, and found no 
indication of a compound. M. Chikashige 
likewise obtained with thallium-bismuth 
evidence of the formation of the thallium trilapcwtabism uth ide , 
14i 5 11:j, and less decisive evidence with respect to thallium tritabismuthide, BiTl 3 . 
R. Kremann and A. Lobinger found the e.m.f. behaviour indicated the existence 
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Fig. II. — Freezing-point Curve of 
Thallium-Antimony Alloys. 



Fig. 4. — Freezing-point Curve of 
Thallium-Bismuth Alloys. 


of the compounds Bi 5 Tl 3 and BiTl 3 . N. S. Kurnakoff and co-workers found no 
evidence of the compound Bi r> Tl 3 . N. 8. Kurnakoff and N. A. Puschin, and 
0. J\ Heyeock and F. II. Neville studied the fusion curve of mixtures of these 
elements ; D. Omodei, the thermal expansion. 

According to H. Moissan, carbon, boron, or silicon does not dissolve to an appre- 
ciable extent in thallium, nor do the two elements unite directly. H. Flemming 
said that thallium does not unite with carbon dioxide even if the temp, be raised 
to the softening point of glass. Organic acids attack thallium with difficulty. 
Thallium is covered by a dark crust when placed in petroleum ; likewise also in 
benzene, and at the same time the liquid becomes turbid; in chloroform, dirty 
yellow flocks separate ; absolute methyl, ethyl, or isobutyl alcohol, according to 
T. Svedberg, takes up appreciable quantities of thallium in a short time. R. Bbttger 
found thallium is quickly attacked by neutral methyl ether free from alcohol ; and 
in ethyl ether a yellowish-brown powder is formed and the liquid becomes turbid. 
J. F. Spencer and M. L. Wallace found that boiling a-bromonaphthalene forms 
thallic bromide ; and boiling iodobenzene, thallous iodide. J. L. Sammis found a 
soln. of ouprio oleate in pyridine does not attack thallium. A. Korczynsky studied 
the catalytic action of thallium and its salts on the hydrogenation of aromatic 
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hydrocarbons. Thallium was found by W. C. Reid to precipitate the metal from 
soln. of copper, silver, gold, mercury, and lead. W. Crookes said that a soln. of 
potassium permanganate is reduced by thallium at ordinary temp. 

The physiological action of thallium and its salts has been discussed by 
W. Crookes, 8 A. Lamy, J. J. Raulet, L. Grandeau, E. Jeanselme, H. Castes, J. Blake, 
H. Erdmann, A. Curci, B. Stadion, W. Luck, etc. The uses of thallium are not 
important. Any advantages offered by thallium or its compounds are counter- 
balanced by the cost. The chromate is stated by T. W. Salter 4 to furnish a richer 
yellow pigment than lead chromate. A. Lamy, and 0. Schott say that if lead in 
glasses be replaced by thallium the product has a higher refractive index, ami is 
better suited for the preparation of imitations of gem-stones. J. Uadieke and 
A. Miethe, and L. Vanino and co-workers recommend it in magnesium, etc., for 
increasing the luminosity. G. Meyer, H. Kreusler, and A. Hantzsch and 
\V. II. Glover used the flame coloured with thallium as a source of monochromatic 
light. Thallous salts have also been recommended in testing for ozone ; in the 
separation of chlorides and iodides (V. Thomas, and l\ Jannasch and K. Aschoff) ; 
and in some microscopic tests (H. Behrens). 

Reactions o! analytical interest. -The thallous salts are colourless and usually 
soluble in water, although the chloride, bromide, iodide, sulphide, and chromate 
are but sparingly soluble. Thalbc salts arc readily reduced to tlmllous salts, and 
when an aq. soln. of thallie sulphate or nitrate is boiled, tliallic hydroxide is pre- 
cipitated. With hydrochloric acid, and soluble chlorides, thallous salts, m not too 
dil. a soln., give a white precipitate of thallous chloride which is slightly soluble in 
water, but less soluble in water containing a little hydrochloric acid. Thallie 
salts under similar conditions give no precipitate. II. Behrens 5 detected O'OOOIO 
mgrm. of thallium by using this reaction as a microscopic test. With potassium 
iodide, yellow thallous iodide is formed even with dil. soln., and this is considered 
to be a very sensitive test for thallium. Unlike lead iodide, thallous iodide dissolves 
but sparingly in a cold soln. of sodium thiosulphate. According to 11. Behrens, 
O - 1)003 mgrm. can be detected by using this reaction as a microscopic test. Thallie 
salts give a brown precipitate which is a mixture of thallie and thallous iodides. 
F. Ephraim found that with a mixture of potassium iodide and antimony chloride, 
orange-red thallous lodoantimomte, 3TlI.2SbIg, separates. When hydrogen sulphide 
is passed into a soln. of thallous sulphate, acidified with mineral acids, no precipita- 
tion occurs, but with neutral soln , black thallous sulphide, TLS, is incompletely 
precipitated. If arsenic, antimony, or copper salts be present, thallous sulphide 
is precipitated with the sulphides of those metals. With soln. acidified with acetic 
acid, the precipitation is complete. Thallous sulphide is readily dissolved by 
mineral acids ; it is insoluble in acetic acid and alkaline sulphides ; and it, is readily 
oxidized to thallous sulphate when exposed to air. It is but slightly attacked by 
acetic acid. The precipitate is not soluble in aq. ammonia, alkali or ammonium 
sulphide, or potassium sulphide. When heated, the thallous sulphide first melts 
und then volatilizes. Thallie salt soln. behave in a similar manner towards hydrogen 
sulphide. Thallium salts give with ammonium sulphide, a precipitate of 

thallous sulphide. Similar results arc obtained with hydrogen sulphide in alkaline 
soln. 

Thallous salt soln. give no precipitate when treated with aq. ammonia, or alkali 
hydroxides, but, thallie salts give brown thallie hydroxide, which changes to TlO(OH) 
when exposed to air. The precipitate dissolves very slowly in acids, and is not 
soluble in an excess of alkali-lye. The presence of tartaric acid hinders the pre- 
cipitation. Thallous carbonate is fairly soluble in water, so that alkali carbonates 
precipitate thallous carbonate only from cone. soln. ; with thallie salts, thallie 
hydroxide is precipitated. Soln. of alkali chromates precipitate yellow thallous 
chromate — soluble in cold nitric or sulphuric acids- from soln. of thallous salts; 
and no precipitate with soln. of thallie salts. With not too dil. soln. of thallous 
salts, hydrochloroplatinic acid precipitates pale yellow thallous chloroplatinate, 
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Tl 2 PtCl 6 ; H. Behrens claimed to detect 0*000008 mgrm. of thallium ), 
reagent used as a micro-test. A white crystalline precipitate soluble in 
water is formed when potassium thiocyanate is added to a soln. of a thallouTsllt 
A soln. of sodium thiosulphate gives a white precipitate with thallous salt soln. the 
precipitate is soluble in boiling water, and when an acid is added to the soln., thallous 
sulphide is precipitated. Neutral soln. of thallous salts give a precipitate of thalhc 
oxide with potassium permanganate ; in acid soln., the thallous salt is oxidized to 
a thallic salt. Thallous sulphate, when treated with aluminium sulphate, gives 
colourless octahedral crystals of thallia alum, T1A1(S0 4 ) 2 .12H 2 0. According to 
M. Cunningham and F. M. Perkin, and S. M. Tanatar and S. Petroff, a pale red, 
sparingly soluble precipitate is produced when sodium cobaltinitrite is added to a 
thallous salt soln. According to L. Marino, small quantities of thallic salts in the 
presence 0/ thallous salts can be detected by the production of a blue coloration 
with a-naphthol and dimethyl-p-pbenylene-diamine. Zinc, aluminium and 
magnesium precipitate black crystals of thallium from soln. of thallium salts. 

The atomic weight of thallium.' -Thallium has a hydrogen eq. of about 204 in 
thallous salts, and 68 in thallic salts. The at. wt. approaching 204 is in accord with 
the vapour density of the halide, and with the mol. wt. of the salts in soln. It is 
also in accord with sp. lit. rule ; with the isomorphic rule in connection with the 
alums ; and with the periodic scheme of classification. In 1862, A. Lamy 6 analyzed 
thallous sulphate, and from the ratio T1 2 S0 4 : BaS0 4 , he calculated the at. wt. 
205*22 ; and M. Hebberling from the same ratio obtained 204*97. A. Lamy analyzed 
thallous chloride, and from the ratio T1C1 : AgCl obtained 203'87 ; M. Hebberling 
from a similar ratio obtained 203*22 ; and H. L. Wells and S. L. Penfield, 204 48. 

Q. Werthor analyzed thallous iodide, and from the ratio Til : Agl, obtained 203 81. 
W. Crookes converted thallium into the nitrate, and from the ratio T1 : T1N0 3 
obtained 204*04(N 14 01). 0. Lepicrre, from the ratio T1 2 0 3 : 2T1 obtained 204T4 ; 
from T1 2 0 3 : 2T1, 204*16 ; from 2T1N0 3 : T1 2 0 3 , 204 04 (N=14;01), T1 2 S0 4 : T1 2 0 3 , 
203*99 ; and from T1 2 0 3 : 3H 2 0, 204*29. A study of the different ratios gave 
F. W. Clarke 204*04 ; B. Brainier, 204 ; and the International Table for 1922, 
204*0. The atomic number is 81. F. W. Aston 7 attempted to find the isotopes 
of thallium, but was not successful. W. P. Jorissen and J. A. Vollgraff did not 
succeed in producing thallium from bismuth by the action of the cathode rays, 
although they found that bismuth commonly contains a trace of thallium. 

References. 

1 J. B. A. Dumas, J. Pelouze, and H. St. C. Deville, Compt. Rend., 55. 866, 1862 ; Ann. Chim, 
Phya., (3), 67. 418, 1863; I). I. Mendeldeff, Liebig's Ann. Suppl., 8. 133, 1872; Chem. News, 
40. 231, 243, 255, 2G7, 279, 291, 303, 1879 ; 41. 2, 27, 39, 49, 01, 71, 83, 93, 106, 113, 125, 1880; 

R. Otto, Jmm. prnkt. Chem., (J), 102. 185, 1867; O. L. Erdmann, ib., (1), 89. 378, 1863 ; 

C. F. Ram mels berg, Ber., 3. 276, 1870 ; G. N. Wyrouboff, Bull. Soc. Min., 3. 69, 75, 128, 136, 198, 
1880 ; A. Fock, Zeit. Kryst., 6. 101, 1881 ; H. W. B. Roozeboom, Zcit. phys. Chem., 8. 513, 1891 ; 

J. W. Retgers, ib., 4. 593, 1889 ; C. van Eyk, ib., 30. 458, 1899 ; H. E. Roscoe, Journ. Chem. Soc., 
19. 127, 1866; W. Crookes, Chem. News, 3. 193, 1861. 

8 W. B. Herapath, Phnrm. Journ., (2), 4. 302, 1863; L. Troost and P. Hautefeuille, Ann. 
Chim. Phya., (5), 2. 273, 1874 ; W. Crookes, Chem. News, 3. 193, 1861 ; 7. 290, 1863 ; 8. 159, 219, 
231, 234, 255, 279, 1803 ; 9. 1, 37, 54, 1864 ; Journ. Chem. Hoc., 17. 112, 1864 ; Proc. Roy. Soc., 
12, 150, 1862 ; Phil. Trans., 163. 277, 1874 ; Researches on the Atomic Weight of Thallium, London, 
1874; T. W. Richards and C. P. Smyth, Journ. Amer. Chem. Soc., 44. 524, 1922; A. Sieverts, 
Zeit. Elektrochem., 16. 708, 1910 ; I). P. Smith, Journ. Phya. Chem., 23. 186, 1919 ; A. Korczynsky, 
Bull. Soc. Chim., (4), 29. 283, 1921 ; C. A. Seely, Journ. Franklin Inst., 61. 110, 1871 ; W. C. Reid, 
ib., 12. 242, 1865 ; A. Lamy, Compt. Rend., 54. 1255, 1862 ; 57. 442, 1863 ; Ann. Chim. Phys., 
(3), 67. 385, 1862 ; (4), 5. 410, 421, 1865 ; Bull . Soc. Chim., (2), 11. 210, 1869 ; De rexistence d'un 
nouveau mital, le thallium, Lille, 1862 ; Le$on sur le thallium, Paris, 1863 ; R. S. Williams, Zeit. 
anorg. Chem., 50. 129, 1906 ; M. Chikasbig*, ib.. 51. 330, 1906 ; C. F. Schonbein, Journ. prakt. 
Chem., (1), 93. 35, 1864 ; R. Weber, ib., (2), 6. 351, 1872 ; E. Carstanjen, ib., (1), 102. 82, 1867 ; 

A. Rohrig, ib., (2), 37. 229, 1888 ; G. Werther, ib., (1), 89. 189, 1864 ; (1), 91. 385, 1864 ; (1), 
92. 128, 351, 1864 ; E. J. Chapman, Phil. Mag., (4), 2. 397, 1876 ; R. Bottger, Dingler's Journ., 
197. 379, 1870 ; G. Gore, Phil. Mag., (4), 29. 546, 1865 ; J. Schiel, Ber., 12. 507, 1879 ; F. W. Clarke, 
»6., 11. 1507, 1878 ; R. Lepsius, ib., 21. 556, 1888 ; T. Svedberg, ib., 39. 1711, 1906 ; C. Welttien, 



THALLIUM 


425 


Wfcbig's Ann., 188. 129, 1866 ; K. Birnbaum, 188. 133, 1866 ; H. Flemming, Jenaische Zeit. 
Med. Natvnviss., 4. 33, 1868 ; Q. A. Mansuri, Metal. Ind., 21. 388, 1922 ; Joum. Inst . Metals , 
IB. 463, 1922 ; J. J. Acworth and H. E. Armstrong, Joum. Chem. Soc., 32. 54, 1877 ; J. F. Spencer 
Ind M. L. Wallace, ib., 83. 1832, 1908 ; H. E. Roscoe, ib., 18. 504, 1866 ; J. J. Sudborough, ib ., 
88. 657, 1891 ; H. G. Denham, Proc. Chem. Soc., 24. 76, 1908 ; J. L. Sammis, Joum. Phys. Chem., 

10. 607, 1906 ; W. 0. Rabe, Zeit. phys. Chem., 38. 175, 1901 ; A. Ditte, Ann. Chim. Phys., (6), 
18. 68, 1891 ; H. Pelabon, ib., (8), 17. 626, 1909 ; J. B. A. Dumas, ib., (3), 87. 422. 1863 ; 
H. Moissan, t b., (6), 24. 224, 1891 ; V. Thomas, ib., (8), 11. 204, 1907 ; E. Willm, ib., (4), 5. 5, 
1866; Bull. Soc. Chim., (1), 5. 354, 1863; (2), 2. 89, 1864; F. Kuhlmann, Compt. Bend., 58. 
1037, 1864; 1\ Nicolardot, ib., 147. 1305, 1908; J. Nieklte, ib., 58. 537, 1864; Joum. Pharm. 
('him., (4), 4. 127, I860; 0. T. Heycock ami F. H. Novdle, Joum. Chem. Soc., 65. 31, 65, 1894; 
('hem. News, 62. 280, 1890; 1). Omodei, Atti. Accad. Fisiocritici Sietui, (4), 2. 15, 1890; 
N. S. Kumakoff and N. A. Puschin, Joum. Buss. Phys. ('hem. Soc., 33 565, 1902; Zeit. anorg. 
( hem., 30. 86, 1902; A. Kolliker, Chem. Ztg., 43. 231, 1919; N. S. Kumakoflf, S. F. Schemt- 
schuschny and V. Tararin, ib., 83. 200, 1913; G. Wyrouboff, Bull. Soc. Chim., 12. 544, 1889; 
F. H. Newman, Proc. Phys. Soc., 33. 73, 1921 ; R. Krcmann and A Lobinger, Zeit. Metalllcunde, 
12.246,1920. 

* W. Crookes, Chem. News, 8. 159, 1863 ; J. J. Paulet, Compt. Bend., 57. 494, 1863 ; A. Lamy. 
ib., 57. 442, 1863 ; J. Blake, ib., 111. 57, 1890 ; H. Castex, Contribution d I'iiude toxicologique des 
sels de thallium el en pnrliculier du sulfate, Toulouse, 1900 ; L. Grandeau, V Inst., 333, 1863 ; 
E. Jeanselme, Monatsh. prakt. Dermat., 102, 1899; H. Erdmann, Zeit. utujew. Chem., 6. 379, 
1893; B. Stadion, Pharm. Cenlrb., 54, 1868; A. Curci, Ann. Chun., 22. 481, 1895; W. Luck, 
Bettruye zur Wirkung des Thalliums, Dorpat, 1891. 

4 L. Vanino anil E. Zumbusch, Joum. prakt. ('hem., (2), 80. 69, 1909; L. Vanino and 

R. Lambrecht, German Pat., D.B.P. 188969, 1900 ; V. Thomas, Compt. Bern!., 134. 1141, 1902 ; 
T. W. Salter, Chan. News, 37. 96, 1878 ; A. Lamy, Bull. Soc. Chun., (2), 5. 164, J807 ; O. Schott, 
Lhtujhr's Joum., 273. 129, 1889; Ver. Beforderung Gewcrbifleissis, 162, 1888; .1. Gtidicke and 
A. Miethe, Bir., 21. 422, 1888 ; A. Hantzseh and W. H. Glover, ib., 39. 4153, 1900 ; G. Meyer, 
Ber. deut. phys. lies., 3. 59, 1905 ; P. .lannasoh and K. Aschoff, Zeit. amrrj. Chem., 1. 248, 1892 ; 

11. Behrens, Zeit. anal, ('hem., 30. 152, 1891 ; H. Kreusler, Her. deut. phys. Gcs., 3. 59, 1905. 

* L. Marino, Gazz. Chun. Ital., 37. 55, 1907 ; H. Behrens, Zeit. anal. Chem., 30. 138, 1891 ; 
M. Cunningham and F. M. Perkin, Joum. Chan. Soc., 95. 1569, 1909 ; S, M. Tanatar and 

S. Petroff, Joum. Buss, Phys. Chem. Soc., 42. 94, 1910 ; F. Ephraim, Zeit. anory. ('hem., 58. 353, 

1905. 

* A. Lamy, Ann. Chim. Phys., (31, 67. 410, 1862 ; G. Werther, Joitrn. prakt. Chan., (1), 92. 
197, 1864; M. Hebberling, Lxebufs Ann., 134. 12, 1865; W. Crookes, Phil. Trans., 163. 277, 
1873 ; Chan. News, 9. 37, 54, 1864 ; C. Lepierre, Bull. Soc. Chim., (3), 9. 166, 1893 ; (3), 11. 423, 
1894 ; Compt. Paul., 116. 580, 1893 , II. L. Wells and S. L. Pentield, Amer. Joum. Science, (31, 
47. 466, 1894; Zeit. anorg. Chem., 6. 315, 1894; G. 1). llinrichs, Momt. Scient., (4), 21. 733, 
1 897 ; F. W. Clarke, Chan. News, 63. 76, 1891 ; A Recalculation of the Atomic Weights, Washington, 
273, 1910 ; B. Brauncr, in R. Abegg, Ilandbuch der anorgamschen Chetme, Leipzig, 8. i, 405, 

1906. 

7 F. W. Aston, Phil. May., (6), 45. 934, J923; W. P. Jorissen and J. A. Vollgraff, Zeit. phys. 
( hem., 90. 557, 1915. 


§ 5. The Alloys of Thallium 

A. Lamy 1 found that thallium readily alloys with many metals. E. Carstanjen 
obtained alloys of thallium with potassium, sodium, magnesium, zinc, cadmium, 
mercury, aluminium, tin, lead, antimony, and bismuth; most of these were not 
very stable in air, and E. J. Chapman obtained brittle alloys with gold, anti- 
mony, bismuth, and platinum ; malleable alloys with copper, silver, and lead ; and 
an easily oxidized alloy with tin. E. Carstanjen found that sodium and thallium 
unite without incandescence when the elements are melted together ; potassium 
and thallium behave similarly but become feebly incandescent. The alloys are 
crystalline and silver-white. The f.p. curves of thallium with each of these elements 
are Bhown in Figs. 5 and 6. With sodium, there is a eutectic with the ratio 
T1 : Na=l : 1 2*89 at 64*1°“ ; a break with the ratio 1 : 611 at 77 9°— possibly owing to 
the formation of hexasodium thallide , Na 6 Tl ; a break with the ratio 1 : 2 37 at 
153 * 7 ° — owing to the formation of sodium hemithftilide, Na 2 Tl ; a distectic point 
or maximum with the ratio 1 : 1 at 306 8° — owing to the formation of sodium 
thallide, NaTl ; and a eutectic with the ratio 1*73 : 1 at 237 7°. R. Krcmann and 
P. von Reiningshaus studied the e.m.f. of alloys of sodium and thallium in cells 
T1 | 2V-Na2S0 4 | Tl 1 _„Na n , and found evidence of NaTl, but not of Na 2 Tl or of 
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Na 5 TL The i. p. curve with potassium has a transition point with the ratio 
T1:K~1 :2V3 at 242’ 2"— corresponding with potassium hemithallide , K 2 T1; a 
diatectic point or maximum when the ratio is 1 : l, at 335° — corresponding with 
potassium thallide , KTJ, and a eutectic with the ratio 6'31 : 1 at 1725°. 



Per cent thallium 

Fkj. fl. Freezing Points of Alloys 
of Thallium and Sodium. 



Percent thallium 

Fm. 0, — Freezing Points of Alloys 
of Thallium and Potassium. 


K. Carstanjen found the alloys readily oxidize in air ; and they dissolve violently 
in water giving off hydrogen. They can be preserved undfrr petroleum. C. T. Hoy- 
cock and F. H. Neville found that thallium readily dissolves in molten sodium and 
a gram-atom of thallium in 1(K) gram-atoms of sodium lowers the m.p. 412°-4'72°. 
K. Kremann and E. Pressfreund studied the e.m.f. of the thallium-potassium alloys, 
as in the case of the sodium alloys. 

W. Crookes found that when thallium is melted with copper much of the former 
is volatilized. E. Carstanjen melted the two elements under borax. F. Doerinekel 
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observed the formation of no compounds or mixed crystals, Fig. 7. The two elements 
are only partially miscible ; at 1)59° (the m.p. of copper) the layer rich in copper 
contains 35*1 per cent, by weight of thallium, the layer rich in the latter metal 
only 1'8 per cent, of copper. The eutectic point of the alloy rich in thallium lies 
at 302°, a little below the m.p. of thallium. W. Crookes said that the alloys with 
an excess of copper are golden yellow, those with an excess of thallium arc white. 
E. Carstanjen said that sulphuric acid attacks only the thallium ; nitric acid dissolves 
both constituents with the separation of thallium nitrate. W. Crookes prepared 
alloys of silver and thallium and found that they could be cupelled like silver-lead 
alloys. C. T. Heycock and F. H. Neville found the lowering of the f.p. of alloys 
with 0 to 20 per cent, of thallium is proportional to the cone, of the last-named metal. 
According to G. I. Petrenko, the f.p. curve of this system, Fig. 8, consists of two 
branches which meet in a eutectic point at 287° ; the eutectic mixture contains 
2-5 per cent, weight of silver. The m.p. of thallium is 303°-304°. The elements 
form only one series of mixed crystals which contain 0-10 per cent, by weight of 
thallium. A. L. Bernoulli measured the electrical resistance of these alloys, and 
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their thermoelectric force against copper ; C. Hardebeck, and R. Schenek compared 
the electrical and thermal conductivity of silver-thallium alloys. M. Levin detected 
no compounds of gold and thallium in his study of tin' f.p. curve, Fig. 9, of these 
alloys. He found that the f.p. of both gold and thallium are lowered by the addition 
of the other metal ; the two branches of the f.p. curve intersect at a eutectic point 
corresponding with a teiup. of 131° and with 27 per cent, of thallium. 0. T. Hoy- 
cock and F. H. Neville measured the lowering of the f.p. of thallium by gold. 
F. Osmond and W. C. Roberts-Austen measured the tensile strength of these alloys. 

L. Donsky studied alloys of thallium with up to 15 per cent, of calcium, lie 
found that the eutectic temp, lies about 6' higher than the m.p, of thallium, from 
which the conclusion is drawn that mixed crystals rich in calcium are present ; at 
the eutectic temp, these are in equilibrium with calcium trith&Uide, UaTlg, anil 1 lit* 
fused matrix. Between 6 per cent, and 16 per , 

cent, of calcium, calcium thallide, UaTl 1,000 !>xj "j" ill ! 

(needles), separates ; at 524° this compound / ,\\ j j | j 1 

reacts with the fused mass to form UaTl 3 (bluish jj eoO I ] \ \ j \ 
crystals), which separate primarily from about ^ j \. X l r^i 

On 6 per cent, of calcium. The alloys are J j; j, j j jNj^ | 

harder than thallium, brittle, and oxidize j| Sn- j J] }«-— 

rapidly in the air. Those containing more f\ ' i I 

than 6 per cent, of calcium do not decompose 400 1 1 ‘ | 1| j! I J I 

water at the ordinary temp. N. Baar found j ' jj j! j j ' 

that calcium and thallium also form calcium > 2Q 1 w 1 Jo so ,oo 

tetratritathallide, Ua 3 Tl 4 , at 555°, Fig. 10; he Per cent calcium 

also found evidence of UaTlj at 524°, and UaTl Km, lo. Firezing-point. Curve of 
at 069 . There is a eutectic at 692" with Alloys of Calcium and Thallium. 

38 ]>er cent, of calcium, and a limited number 

of solid soln. are formed, so that the transformation point of thallium is raised by 
the addition of calcium. G. Tammunn studied the chemical activity of these 
alloys. 


According to »S. Mellor.- magnesium and thallium can be alloyed in any pro- 
portion ; the alloy with 5 per cent, of thallium is more malleable than magnesium ; 
and the alloys rich in thallium oxidize readily. E. Uarstanjen made wire from an 
alloy of equal parts of the two metals. According to G. Grube, with addition of 
thallium the m.p. of magnesium, Fig. 11, falls to a eutectic point corresponding 
with 405' and 72*5 per cent, of thallium. It next rises to a maximum at 76 per 
cent, and 412*9 ’. From this maximum it- falls to a second eutectic point at 392*9° 
and 84 8 per cent, of thallium, and then to further eutectic points at 355*4° and 
89*3 per cent, of thallium and at 205 2° and 97*1 per cent, of thallium, and finally 
rises to the m.p. of thallium. From the course of the curve, with its sharp maximum 
and two concealed maxima, the existence of three compounds is inferred, namely, 
octomagnesium trithallide, Tl 3 Mg 8 , magnesium hemithallide, TlMg 2 , and magne- 
sium ditritathallide, Tl 2 Mg 3 . Tl 3 Mg 8 melts at 11 2*9° to a homogeneous liquid. TIMg 2 
undergoes transformation at 392*9° in accordance with the equation TlMg^O'0796 
Tl 3 Mg 8 -f fused alloy (0*9204 Tl-j-1'9204 Mg). TLMg 3 has a transformation point 
at 355*4° : Tl 2 Mg 3 ^0*1194 TlMg 3 +fused alloy (1*8800 Tl-f 2*8806 Mg). Thallium- 
magnesium alloys blacken in the air by oxidation, especially in presence of moisture. 
S. Mellor found the alloys bum more vigorously and more slowly than magnesium 
alone. E. Uarstanjen prepared alloys of zinc and thallium. According to A. von 
Vegesack, the two metals have only a limited miscibility, Fig. 12. At its m.p., 
zinc dissolves about 2*5 per cent, of thallium, and the m.p. of zinc is then lowered 
about 3° ; at its m.p., thallium dissolves about 5 per cent, of zinc, and its m.p. 
lowered about 4°. No chemical compounds or mixed crystals were observed. 
U. T. Heycock and F. H. Neville found one atomic per cent, of thallium in zinc 
lowered the f.p. 5*1°. C. di Capua measured the hardness of these alloys. 
E. Carstanjen found the alloys to be readily soluble in sulphuric acid with the 
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evolution of hydrogen. R. Kremann and A. Lobinger studied the e.m.f. of 
thallium-zinc alloys ; A. Matthiessen and C. Vogt, the electrical conductivity ; 
and 1). Omodei. the thermal expansion. E. Carstanjcn also prepared thallium- 
cadmium alloys ; and N. 8. Kurnakoff and N. A. Puschin found the f.p. curve is of 
the simple V-type with the eutectic at 2035° and with the atomic proportion 
Cd : T1 -1 : 2 07, i.e. 81*7 per cent, of thallium, Fig. 13. C. di Capua also studied 



the hardness and other properties of cadmium-thallium alloys ; A. W. Smith, the 
thermal conductivity; and It. Kremann and A. Lobinger, their e.m.f., and no 
sign of a compound of thallium with zinc or cadmium was observed. E. Car- 
stanjen prepared ternary T1 — Cd— Bi alloys ; and C. F. Heyeock and F. II. Neville, 
T1 — Cd — Ag, and T1 — Cd — An alloys. 

W. Crookes :J obtained crystalline thallium amalgams. Thallium was shown by 

J. NiekhVs to amalgamate with mercury. W. Ramsay, J. Regnauld, A. Sucheni, 

K. Bornemann and G. von Rauschenplat, etc., prepared alloys by direct union of 
the metals ; and T. W. Richards and J. H. Wilson, by electrolysis with a mercury 

cathode of a sohi. of thallous sulphate in the presence 
of ammonium oxalate to prevent the formation 
of peroxides at the anode. P. Pavlovitsch, and 
N. 8. Kurnakotf and N. A. Puschin measured the 
f.p. curve of thallium amalgams. The curve drops, 
Fig. 14, from the f.p. of mercury —39° to a eutectic 
at fi0° with 8*5 at. per cent, of thallium ; it then rises 
to a maximum at 15° with 33 3 at. per cent, of 
thallium corresponding with mercury hemithaUide, 
llg./fl ; there is another eutectic at 3*5° and 40 at. 
per cent, of thallium ; the curve then rises steadily 
to the m.p. of thallium. The curve, Fig. 14, has 
been revised by G. I). Roos. P. Pavlovitsch, and 

L. Rolla said that the maximum on the f.p.-composition curve does not 
correspond with a definite compound. C. H. Desch found the rules of 
A. Gorboff, and F. M. Flawitzky to have only a limited application. J. H. Hilde- 
brand's vap. press, determinations suggested the possible existence of mercury 
hcxitaihallide , Hg 0 Tl ; the existence of J. Regnauld’s Hg 5 Tl, and Hg 5 Tl 2 , and 
E. Carstanjen’s HgTl 2 have not been confirmed ; they were made by alloying the 
two metals in the requisite proportions. A. Sucheni, N. S. KurnakofI and N. A. Pu- 
schin, and K. Bornemann made observations on this subject. W. J. Humphreys 
studied the diffusion of thallium in mercury. L. Rolla found that the hardness- 
composition curve is continuous; and T. W. Richards and C. P. Smyth found 
that the hardness of solid thallium amalgams increased until 5 per cent, of mercury 
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had been added, further additions of mercury softened the amalgam ; they also 
found that the sp. gr. of solid thallium amalgams indicate an increase in volume 
during amalgamation; and the curve shows a slight inflexion at about 5 per cent, 
of mercury. H. Feninger measured the viscosity of the amalgams ; and F. Schmidt, 
the surface tension. T. W. Richards and co-workers obtained for the heat of soln., 
Q joules per gram-atom of thallium in amalgam, when p per cent, of thallium 
was present. 

0»2 5 21 8 70 10 43 11 81 1733 24 55 36 20 

Q„ 0 . . 2700 1590 480 45 -234 1497 - 2011 -3570 

<^ 0 . . — -- — -1614 -2711 -3070 

(t. N. Lewis and M. Randall calculated values for this constant from the data of 
T. W. Richards and F. Daniels. P. Pavlovitsch found a break in the electrolytic 
potential-composition curve at 27 to 28 at. per cent, of thallium, and it was thought 
to represent a compound Hg 3 Tl, which forms solid soln. with both components. 
T. W. Richards and J. II. Wilson found 13*504, 13*515. and 13*527 for the sp. gr. of 
amalgams with 1*854, 1*410, and 0*793 per cent, of thallium at 20°. L. Rolla found 
t he sp. vol. to he those calculated for mixtures, and to give no evidence of chemical 
combination. W. Ramsay studied the lowering of the vap. press, of mercury by 
thallium, and hence deduced an at. wt. 204*2. E. Beckmann and 0. Liesche observed 
th< i raising of the b.p. of mercury by thallium. J. H. Hildebrand and E. D. Eastman 
studied the vap. press., and heat of dilution ; I). Macintosh and F. M. (L Johnson 
recommended 5 per cent, thallium amalgam as a liquid for thermometers down to 
- - fiO 1 . O Tammann measured the lowering of the f.p. of mercury by thallium. 
R. H. Oerke studied the free energy of the thallium amalgams, and found —51 cals, 
per gram for the thallium, and —523 cals, per grain for the mercury. H. Feninger, 
K. Bomemann and G. von Rauschenplat measured the electrical conductivity and 
resistance of the amalgams. P. Pavlovitsch found the elect rical conductivity appears 
as a maximum with amalgams having 20 to 28 at. per cent, of thallium. J . F. Spencer, 
A. Sueheni G. Mayr, Y. Rothmund, and T. W. Richards and co-workors measured 
the potential difference of soln. of thallium salts and thallium amalgams, and 
(1. N. Lewis and M. Randall applied the results to calculate various physical proper- 
ties of thallium. For T. W. Richards and (\ P. Smyth on the potential difference 
of thallium and thallium amalgams, vide that- 700 - 
Hum. J. Regnauld found thallium to be electro- 
negative towards its amalgams. J. Nickles 
found that thallium is dissolved from the 

amalgam by acidulated water. ^ 

E. Carstanjen 4 melted aluminium and thal- 
Hum under borax and obtained what he ^ 

regarded as an alloy of the two metals, but too” 

F. Doerinckel found that the two metals are o io iO 60 80 too 

not soluble in one another to any appreciable p er cenC ^n/ um 

extent. Fig. 15 ; and they do not enter into Kl0 _ 15 . -Freezing-point Curve of 

chemical combination, or form mixed crystals. Alloys of Aluminium and Thallium. 
N. S. Kurnakoff and N. A. Puschin found that 

thallium and indium alloys give two f.p. curves which intersect at 180°, and 44*5 
at. per cent, of thallium. There is a break near the transition point, 180°. 
Expressing the composition of the binary alloys in terms of the at. per cent, of 
indium : 

In . . 100 95-88 73 72 0130 50 25 37 87 2551 1223 0 

F.p. . 154 0° 154-0° 158-6° 169-3° 216-3° 228-9° 256-5° 2840° 3010° 

The one curve is convex to the cone. -axis and rises steadily from the m.p. of indium 
to 180° with 44*5 at. per cent, of thallium and represents solid soln. of thallium in 
indium (cubic system) with 0 to 48*5 at. per cent, of thallium. The other curve 
is concave to the conc.-axis, and represents solid soln. with from 44*5 to 100 per 
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cent, of thallium ; but there is a gap in the series between 48’5 and 56 at. per cent, 
of thallium. Alloys with 0 to 14 5 and 56-100 at. per cent, of thallium show one, 
not two, arrest on the cooling curve. 
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§ 6. Thallium Oxides 

In his early observations, W. Crookes 1 assumed that a thallium suboxide can 
he prepared, but A. Lamy could not verify its existence, and W. Crookes himself 
did not mention it later. R. Lorenz suggested that the black film which forms on 
a thallium anode in potassium nitrate or sulphate soln. is a suboxidc which, on further 
electrolysis, passes into thallic hydroxide. Thallous oxide, TLO, and fhallic oxide, 
T1 2 0 3 , are well-defined basic oxides ; there arc in addition, an ill-defined intermediate 
oxide thallosic oxide, TL0.TL0 3 , or T10, and lhallic peroxide, TI 3 O 5 . In addition 
there are the hydrated compounds : thallous hydroxide, Tl(OH), i.e. TLO.H 2 0 ; 
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nu'tathallic hydroxide , T10.0H, i.e. T1 2 0 3 .H 2 0 ; and a doubtful thallic hydrondc, 
Tl(OH)* or T1 2 0 3 .3H 2 0. 

W. Crookes, and A. Lamy observed that thallous oxide, T1 2 0, is formed when 
thallium oxidizes in air ; if the oxidation occurs about dull redness, the higher oxide 
i 3 formed. A. Lamy obtained it by heating to 100° thallous hydroxide out of contact 
with air. Thallous oxide is a black powder. A. Lamy found that thallous oxide 
melts at about 300°, forming a dark yellow liquid which rapidly attacks glass, produc- 
ing a silicate. W. 0. Rabe said that thallous oxide is yellow at ordinary temp., and 
becomes dark red when heated ; it is not melted at 870°. J. Thomsen gave for the 
heat of formation, (2T1, 0)— 42 24 Cals. W. Crookes, and A. Lamy found that 
thallous oxide is slowly reduced when heated to redness in hydrogen ; H. Flemming 
said that the reduction proceeds more rapidly in a stream of carbon monoxide. 
According to G. Wyrouboff, thallous oxide is slowly oxidized to thallic oxide by air 
at ordinarv temp., and rapidly, when heated. A. Lamy found that thallous oxide 
rapidly absorbs moisture from the air, forming yellow thallous hydroxide ; tin 1 
oxide is also soluble in water, and in alcohol, forming, in the latter case, alcoholates. 
Thus, with absolute ethyl alcohol, thallous eihoxide, C.dfg.OTl, is formed as a very 
refracting liquid of sp. gr. 3*5, which is decomposed by water into ethyl alcohol and 
thallous hydroxide. Thallous oxide is readily attacked by chlorine, bromine, or 
iodine, forming thallous halide and oxygen. Acids convert thallous oxide into 
thallous salts. G. Rauter found that when thallous oxide and silicon tetrachloride 
are heated to 300°-370 c , thallous chloride and silica are formed ; similarly with 
silicon tetrafluoride. C. Winkler found. thallous oxide is completely reduced when 
heated with magnesium. 

R. Bottger found that if thallium is kept under water which contains air in soln., 
thallous hydroxide, T10H, is formed, and F. Bahr made the hydroxide by passing 
oxygen through cold water ami thallium turnings. The liquid is kept agitated 
during the passage of the gas. When the sat. soln. is further shaken, yellow 
crystals of thallous hydroxide separate, and further crystals are obtained by 
evaporation in a vacuum desiccator over potassium hydroxide. The crystals 
are then collected by means of a special filter in an atm. of hydrogen, washed 
with ice-cold water and alcohol, and dried in hydrogen. The product is free 
from lead. A. Lamy made the hydroxide by the action of water on thallous 
oxide ; by the action of an eq. quantity of barium hydroxide on a soln. of thallous 
sulphate ; and by the action of calcium hydroxide on thallium oxalate. It. de 
Forerand obtained a good yield of the hydroxide, as a yellow crystalline powder, 
by adding to thallous ethoxide in the cold an equal vol. of water, and drying the 
precipitate on porous plates out of contact with air. .1. K. Willm made a cone, 
soln. of the hydroxide by repeatedly heating thallium to 100° and dipping it- in 
water ; and G. Bredig made a colloidal solution of thallous hydroxide by making 
an arc between thallium electrodes under water. 

A. Lamy stated that thallous hydroxide crystallizes from its aq. soln. in long 
yellow needles. According to A. Lamy, the dried hydroxide at 100°, or at ordinary 
temp, in vacuo, is transformed into black thallous oxide. F. Bahr measured the 
wap. press., p mm., of the hydroxide and found : 

16 3° 79'l f 83‘2’ 918° 1016’ 110 6’ 122 2° KM V 140 0" 

p . 13 42 73 110 103 279 304 073 770 

The results are represented by log p - -Qj2‘liRT -\-Vlb log T-\ 3 0, whore T denotes 
'K., and Q the heat of the reaction, 2T10H~ Tl 2 0-f H 2 0, which, from the equation 
r/(log p)jdT~ —QjRT' 2 , is 141 Cals., and from W. NernsCs equation Q~iblT(T\b 
log T-f36 — log p) is 15 2 Cals— J. Thomsen gave (Tl 2 (), H 2 Oji a )- -3 23 Cals., 
and allowing 9-65 Cals, for the vaporization of water at 100°, the heat of the reaction 
2T10H— Tl 2 0-j-H 2 0 becomes 12 88 Cals., which is rather low. The dissociation 
temp, at 760 mm. press, is 139°. J. Thomsen gave for the heats of formation 
(2T1, 0, HoO)--85’4 Cals., and (TI, O, Il)~569 Cals. ; and for the heat of soln. of 
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a mo\ in 235 mois of water, — 315 Cals. R. de Forcrand gave for the heat of soln. 
of the oxide and hydroxide in dil. hydrofluoric acid 3*117 Cals., J. Thomsen gave 
3 231 Cals., hence, addl'd the former, the heat of hydration is far removed from that 
of the alkali metals, but thallous hydroxide is nevertheless an equally powerful base ; 
and towards the feeble acids, phenols, etc., it shows even stronger basic properties 
than the alkali hydroxides. E. Petersen gave for the heat of neutralization, 
T10lf lt(<i f JI01 a<1 -TK’l-j 1374 Cals., and J. Thomsen, 13 84 Cals. The latter 
also ga V e 2TIOII a( ,-f H a 80 4ail ~Tl 2 S0 4a(1 .+3H3 Cals. ; and T10H aq .+HN0 3aq . 
- ilN() ; , iV|( -f 13*69 Cals. F. Bahr showed that thallous hydroxide in vacuo is 
darkened by light, but he was unable to determine the nature of the reaction. He 
also measured the solubility, S, of the hydroxide in water and found in grams per 


where the sp gr. are at 15 74". The curve is continuous and shows no change of 
sign in the solid phase The hydroxide is soluble in alcohol. J. E. Willrn accidentell- 
rncnt obtained rhombic crystals of a monohydrate, T1(0H).1I„0, free from carbon 
dioxide A. Lamy found the aq. soln. to be colourless and strongly alkaline. Both 
, Werther, and 0. \, Erdmann found that thallous hydroxide turns turmeric 
brown, and the coloration vanishes after it has stood for some time. From the 
effect of thalhum hydroxide on the speed of hydrolysis of ethyl acetate, W. Ostwald 
in erred that it is a strong base of the same order as potassium, sodium, and 
Wnun hy, rox„l,» F. M. Ram.lt gave 331 for the mol. lowering of th f.p. 
W Ostwal,! found the oq. conductivity, A. of soln. containing a mol of the 
hydroxide in v litres of water, at 20 J : 


A soln. of thallous hydroxide precipitates metal hydroxides from metal salt soln - 
copper, zinc, alum, mum, etc. According to F. ltahr, the aq. soln. readily absorbs 
oxygen and carbon dioxide from the atm., and, consequently, care is necessary 

s oweiMH '°‘V 7’ “ A - (i - W, ’ r ther, and T. Carnelley ami J. Walker 

“ , ,T, ’ , t) 7 r y i“ ? ys . contaminated with carbonate. According to A. Lamy 
a soln. of thallous hydroxide is oxidized to brown thallio hydroxide by chlorine 
ydrogen peroxide, or other oxidizing agents; and paper soaked in thallous 

0 MentzeVe c' T*?" H * *' Sch&,p - «• Schroder, C. Arnold and 

and F K „ h r ’ i f f °/ TT' whloh colo " ra the P a P or or soln. brown. A. Lamy 

found thiA enlT 1 S0 "f f°i! m a T l ,yflroxi,lp ra P id, y attack g'ass- I- V. Hawley 

l m ,m/e (n n ' 3,d, ' « f ka >l"im hyd r oxide reacts with aluminium, forming thalhm 
ilimnatc (i].v ). V. ( uttica and co-workers found that, with nitrosyl chloride 

2TL0 3 .3T1 2 0 by keeping thallium under waKr' a ^ L f VSh 
small quantities of an insoluble vellow oxidn bv *i 1A , Schonbem obtained 

peroxide and thallie oxide, or by oxidizing thallium “ n 1 ,,1 * nnoolls 'vduetion of hydrogen 
prepared what ho regarded as fl 0 T1 f/or (THAI / peroxide. W. 0. Rabe 

aq. soln. of thallous" s^hat e wf^ f f 20 ) gr 2 1* 'o&oT * °? “ ^ P / ^ 

6s?* saasiss a*Hr i l rr 

into a mixture of thallie oxide and tholloiw hydroxide °md‘ “In dec . 0 "' p0 . 8es 11,6 ox,l !° 

On' bring 'Lpt ta ThoTr The oxu'""? f T “T n ° 1 ' hydr0 *® n Peroxhtefa^rodueTd'. 
l'*«0 3 .Tl a O-i-CO a =Ti a O a +TI J CO a ; it h^omtwTlowdyTjxid^edTiTth^TiMinarj^teTOp?^ 
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air free from carbon dioxide. When a current of oxygen ts passed over it at the ordinary 
temp., it is oxidized completely to thallic oxide, which is remarkable, inasmuch as thallous 
salts are acted on only by powerful oxidizing agents. 

According to A. Lamy, 2 molten thallium unites with oxygen with incandescence, 
forming thallic oxide, TL>0 3 ; below a red heat, thallic oxide is formed, at a red heat, 
a mixture of thallous and thallic oxides, and at a bright red heat, thallous oxide. 
He also made it by dehydrating thallic hydroxide at 300° ; A. Strecker, and K. Birn- 
baum, at 100° ; and T. Carnelley and J. Walker, at 230°~450° ; .1. K. Willm treated 
thallic triamminochloride with water : 2T1G1 3 .3NH 3 4-3H 2 0 6NH 4 (’i-|-TL0 3 . Ac- 
cording to W. 0. Rabe, when an alkaline soln. of a thallium salt is treated with a 3-5 
per cent. soln. of hydrogen peroxide, anhydrous thallic oxide, Tl 2 0 3 , separates as a 
dark brown, flocculent precipitate which slowly changes to small, lustrous crystals of 
chocolate-brown colour. If precautions are taken to keep the temp, low and the 
peroxide is used in excess, the yield is almost quantitative' — the excess of hydrogen 
peroxide undergoes decomposition m a catalytic manner without affecting the 
thallic oxide. When, on the other hand, the experiment is carried out at 80°- 100° 
in strongly alkaline soln. (10 35 per cent, of potassium hydroxide), a black modifica- 
tion of the same oxide is obtained as a heavy, sandy, practically anhydrous powder. 
W. Crookes, K. Bdttger, H. Flemming, R. Lorenz, F. Wohler, M. E. Heiberg, and 
M. Bose obtained thallic oxide by electrolysis. This oxide is deposited on the anode 
when a neutral soln. of thallous sulphate or nitrate is electrolyzed between platinum 
electrodes when the difference of potential between anode and electrolyte exceeds 
1 ‘43 volts; if the anodic difference of. potential exceeds 181 volts, with thallous 
nitrate, or 2'27 volts with thallous sulphate, thallic hydroxide is deposited. 

Thallic oxide usually appears as a black or brown powder ; C. Lepierre obtained 
it in hexagonal plates. The black and brown oxides prepared by W.O.Rabe contained 
a little (occluded) water -the former 0 23 per cent., the latter 0 73 per cent.- this 
water was lost after heating a few hours at 500°. M. Lachaud and C. Lepierre gave 
5 50 for the sp. gr. at 0°- this is far too low ; V. Thomas found 9115-1109 ; and 
W. O. Rabi gave 9 65 for the brown oxide at. 21°, and 1019 for the black oxide, 
at 22°. T. Carnelley and L. T. O'Shea gave 759° for the m.p. ; and W. O. Rube, 
725° + 10° ; the last-named added that the m.p. has not been unequivocally deter- 
mined, since no containing vessel has been found to resist attack by the molten 
oxide. Thallic oxide begins to give off oxygen at 800' , and decomposes rapidly 
at lOOtf. According to T. Carnelley and J. Walker, thallic metahydroxide slowly 
loses its water at 230 ' ; the weight remains constant at 300’, and it slowly gives 
off oxygen up to 410° ; the weight remains constant between 440° and 505 , and 
the composition then corresponds with 3TI 2 () 3 .T1 2 0 ; between 505° and 585°, 
oxygen is quickly evolved and thallous oxide remains. At 815°, oxygen is absorbed, 
forming thallic oxide and thallous oxide is volatilized. G. Wert her and M. E. Hei- 
berg observed that when thallic oxide is kept at 100°, or even at 00°-70°, in an 
ordinary drying oven heated by a Bunsen burner, it continues to gain in weight, 
and simultaneously undergoes reduction to the thallous state. They wore of 
opinion that the increase of weight is due to the formation of thallous carbonate 
and sulphate, the sulphur coming from the gases given off by the burner. W. O. Babe 
found that with the ordinary oxide and the black oxide, no carbonate is formed, 
but a mixture of normal and acid thallous sulphates. The reduction is comparatively 
slow at 05°, but at 115° the brown oxide is completely transformed into a mixture 
of the two sulphates in 408 hrs. The black is similarly, but muoli more Blowly, 
converted. When the oxides are heated under such conditions that the gases from 
the burner cannot reach them, the weight remains constant. 

G. Werther found that at a red heat thallic oxide is reduced by hydrogen to 
thallous oxide and the metal ; H. Flemming observed that carbon monoiide acts 
similarly. W. 0. Rabe said that the brown oxide is partially reduced when boiled 
with water, but the black oxide is scarcely affected ; the brown oxide is easily, 
and the black oxide is with difficulty, dissolved by dil. mineral acids. According to 
vol. v. 2 v 
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A. Lamy, sulphuric add does not act in the cold on thailic o*irf h 
thallons sulphate and oxygen are produced ; with cold hvdr^ht^ ,10a N 
chloride is formed without the development of gas, althou^O^nml he 
reduction. E. Carstanjen found that when dry hydrogen sulphide is passed o^" 1 
m\uc oxide, inflammation occurs, may be with a feeble explosion. R Boull 
noted that a mixture of thailic oxide and sulphur or antimony sulphide explain 
when triturated in a mortar. G. Wyrouhofl bund that thailic oxide does 11,4 
absorb carbon dioxide either at ordinary temp, or when heated. E. Carstanjen 
dissolved in hydrochloric acid the precipitate obtained by adding ammonia to a 
soln. of thallium salt ; again added ammonia, and again dissolved the precipitate 
in hydrocldoric a aid ; on once more adding ammonia, a white granular precipitate 
was formed which was completely decomposed by water into thailic hydroxide. 
The precipitate is assumed to be thailic hexamminoxide, T1 2 (NH 3 ) 6 0 3 ; it can be 
washed with alcohol, and dried at 100° without decomposition. C. Winkler found 
thailic oxide is reduced when heated with magnesium, forming thallous oxide and 
the metal. 


A. Lamy found that by treating thallosic chloride with alkali hydroxide : 
2 TI 4 CVI 6K01I 6KCH-CTlCl-fTl 2 0 3 .H 2 0+2H 2 0, the product T1 2 0 3 .H 2 0, 
or TIO(OH), is thailic metahydroxide— the trihydroxide, Tl(OH) 3 , is thailic ortho- 
hydroxide. J. E. Willrn found the precipitate is difficult to wash, and he made it 
by the action of alkali-lye or aq. ammonia on a hot soln. of thailic chloride ; and 
by passing chlorine through a mixture of a thallous salt with alkali carbonate 
or hydroxide —A. Streckcr used sodium hypochlorite in place of chloride. 
L\ F. Schonbein made the hydroxide by the action of moist ozone on thallium ; 
by passing ozonized air into a soln. of thallous hydroxide ; by exposing thallium 
amalgam in contact with water to oxygon or air ; by the action of permanganic 
acid, or permanganates on thallium, thallous oxide, or thallous salts ; by the action 
of hydrogen peroxide on thallium but not on thallous hydroxide — C. Weltzien gave 
4T1 f4H 2 () 2 - 2T10II-f 2H 2 0-( T1 2 0 3 .H 2 0. W. Crookes, (J. Werther, R. Bottger, 
11. Flemming, R. Lorenz, and M. Bose made the hydroxide as a pulverulent powder 
which collected at the platinum anode during the electrolysis of neutral, ammo- 
niaeal, or alkaline soln. of thallous sulphate or nitrate. 

Thailic metahydroxide is a reddish-brown powder, which, according to W. Crookes, 
and A. Lamy, contains a mol — i.c. 3' 8 per cent. — of water, T1 2 0 3 .H 2 0, when dried 
at 100 IJ ; A. Strecker said that 0'37 per cent, of water is present ; while K. Birnbaum 
said that the oxide driedat 100°, and (L Werther the oxide dried at 1 15°, is free from 
water. T. Carnelley and J. Walker said that the oxide is dehydrated completely at 
230° ; W. O. Kabo, at 500°. ({.Werther added that even at 60° to 70° the hydroxide 
is partially reduced to thallous hydroxide, and it then readily absorbs carbon dioxide 
from the air. R. J. Meyer found that the freshly precipitated hydroxide is partially 
dehydrated when boiled with the mother liquid ; the product is darker in colour, 
settles rapidly, and contains 1 per cent, of water. According to J. Thomsen, the 
heat of formation is (2T1, 30, 3H 2 0)--8C , 34 Cals. ; (T1 2 0, 0 2 , 3H 2 0)- H I Cals. ; 
and (TlOH, 0, H 2 0)-20 , 4 Cals. Metathallie hydroxide is but sparingly soluble in 
water ; the solubility product was found by it. Abegg and J. F. Spencer to be 10 -5:} 
at 25°. C. F. Schonbein found hydrogen peroxide is reduced by the metahydroxide, 
provided, said C. Weltzien, and J. E. Willrn, hydrochloric acid be present. A. Lamy 
found that precipitated metathallie hydroxide dissolves in hydrochloric, sulphuric, 
and other acids ; while the dried product dissolves in hydrochloric acid with the 
evolution of chlorine, and in sulphuric acid with the evolution of oxygen ; J. E. Willrn, 
and A. Streeker found that sulphur dioxide converts it into thallous sulphate ; 
arsenious oxide, into thallous arsenate, Tl 3 As0 4 ; oxalic acid does not reduce the 
hydroxide in the cold, but when heated reduction is complete ; and tartaric acid 
reduces it with the evolution of carbon dioxide and the formation of thallous tartrate 


and formate. According to G. Werther, metathallie hydroxide does not dissolve 
in alkali-lye, nor is it decomposed by that liquid. J. E. Willrn found that the 
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Sydroxide is soluble in a hot cone. soln. of ammonium chloride, and ammonia is 
it the same time evolved. 

According to D. Carnegie, molten potassium hydroxide dissolves small quantities 
)f thallic oxide, and the resulting yellow mass when treated with water yields a 
reddish-brown precipitate of the hydrated thallic oxide. If, however, the fusion 
s continued for some time, a mass of very light, glistening, microscopic, hexagonal 
plates of thallic hydroxide, Tl(OH) n , or T1 2 0 3 .3H 2 0, is produced. The crystals 
are brown in colour but transmit yellow light ; they are not changed at 340°, and 
are readily soluble in dil. hydrochloric and sulphuric acids, but generally a slight 
reduction to thallous salt takes place. The formula was based on a determination 
of the contained thallium. H. Marshall stated that the brown precipitate obtained 
by the hydrolysis of thallic sulphate is thallic hydroxide, Tl(OH) a . 

According to E. Carstanjen, when chlorine is passed into a com*, soln. of potassium 
hydroxide in which metathallic hydroxide is suspended, an intense violet-red colora- 
tion appears and which is assumed to be due to the formation of potassium th&ll&te. 
Tin* soln. can be evaporated without decomposition, diluted, and filtered. Acids 
convert it into thallous salt with the evolution of oxygen ; with hydrochloric acid, 
chlorine is evolved. A. Piecini found that a similar liquid is formed when thallium 
hydroxide is submitted to electrolysis, using a plate of thallium as an electrode, as 
also on adding potassium hypochlorite to a quarter of its weight of caustic potash 
to which the thallium sulphate is subsequently added. On digesting the whole and 
adding barium nitrate, a violet precipitate is finally obtained. The results of analyses 
made to determine the relation between thallium and barium in tins precipitate 
led to discordant results, but sullieicnt evidence was afforded to point to a formula, 
THE, for the oxide of thallium. The isolation of tins oxide brings out a further point 
of analogy of the thallium compounds to those of lead. B. Lepsius stated that the 
violet coloration is not due to the formation of a higher oxide of thallium, but. 
rather due to the presence of a small amount of manganese, as impurity in the 
reagents employed. (1. Hallo and (L (Vnni found that when a soln. of thallous 
sulphate, slightly acidified with sulphuric acid, is electrolyzed, the whole of the 
thallium is deposited on the anode in the form of an oxide, which is notthesesquioxule 
as is generally supposed, but which, when dried at 16<I'- 200°, has a composition 
corresponding with Tl.,0 Sl a complex of thallium dioxide, TL0 3 .T10 2 , possibly 

0 : Tl.O.Tl.O.Tl : 0 
0 

With hydrochloric acid, chlorine is evolved and TIC ’1 3 .3T1( ’1 is formed; presumably 
the oxide decomposes: sTI. } O r , -3Tl 2 () a -f ( .»T1 2 0-| i 10 2 . From the position of 
t hallium between mercur y and lead in the periodic system, the existence of a peroxide 
of thallium is not surprising -both lead and mercury peroxides have been reported. 
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§ 7. Thallium Fluorides 

E. Kuhlmann 1 found that metallic thallium is slowly attacked by hydrofluoric 
acid, forming thallous fluoride, but the reaction is far too slow to be useful in the 
preparation of this compound. J. Gewecke, however, used this process and he heated 
the metal with 40 per cent, hydrofluoric, acid in a platinum dish. E. H. Buchner 
prepared thallous fluoride, TIE, by dissolving thallous carbonate in dil. hydrofluoric 
acid ; E. Petersen neutralized thallous hydroxide with hydrofluoric acid ; and 
.). Gewecke, and E. Ephraim and P. Barteczko dissolved thallium sulphide in the 
same acid. 

Metallic thallium was dissolved in dil. sulphuric acid, and the soln. treated with hydrogen 
sulphide. The soln. was filtered from the precipitated lead sulphide, made alkaline with 
ammonia, and again treated with hydrogen sulphide so as to precipitate thallous sulphide. 
The sulphide was filtered off, thoroughly washed, and treated with hydrofluoric acid. A 
brown residue may appear but this also dissolves in the acid on warming —excepting a little 
insoluble sulphur. The cone, of the soln. by evaporation furnishes white crystals of thallous 
fluoride. 

H. L Wells and H. W. Eoote treated a soln. of thallous sulphate with an excess of 
hydrofluoric acid. The aq. soln. of thallous fluoride on cooling furnished F. Kuhl- 
mann, and J. E. Willm with deliquescent rhombic or hexagonal plates which rapidly 
attack glass, and which melt and volatilize; when heated. These crystals are said 
to be either monohydrated thallous fluoride, TIF.ILO, or hemihydrated thallous 
fluoride, TTE.JH.A). 

The evaporation of the soln. of thallous fluoride on a water-bath, or at ordinary 
temp., furnishes colourless octahedral crystals of the anhydrous salt. E. H. Buchner 
found that 1(K) parts of water at 15° dissolve 80 parts of the salt ; the solubility 
increases with a rise of temp. The aq. soln. has an acid reaction. K. Jaijph found 
the sp. lit. of soln. with N eq. of thallous fluoride per litre to be 

N 0-5 1 0 20 3-0 40 

Sp. lit. . . 0-9485 0-8881 0 8021 0*7312 0 07 12 

E. Franke, and F. Kohlrausch and H. von Steinwehr have measured the electrical 
conductivity of aq. soln. of thallous fluoride. The equivalent conductivity in 
reciprocal ohms at 25°, is, according to E. Franke, 115*9 when v— 32 ; 120'6 for 
64 ; 1237 for v— 128; 126*2 for v— 256; 128*1 for v=512 ; and 130*1 for 
v -1024. A. Heydweiller gave the sp. gr. and conductivity of soln. of thallous 
fluoride. A. A. Noyes and K. G. Falk found the percentage ionization of soln. 
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with 5, 10, 20, and 50 millieq. of the salt per litre to be respectively 96 1, 93 6, 90 8, 
and 86 , 5. The salt is sparingly soluble in alcohol ; and, according to G. Gore, 
insoluble in liquid ammonia. Thallous fluoride melts and partially volatilizes when 
heated, and a colourless crystalline mass remains when the molten salt is cooled ; 
it can be distilled in a current of steam. H. von Wartenberg and 0, Bosse found 
the vap. press, of thallous fluoride to be 131 mm. at 282°, 587 mm. at 292°, and 753 
mm. at 298 3 . The b.p. is therefore near 298°. The vap. press., p, at 2’° K. 
is represented by log p - - 25 1 52/4 57 1 7*4-9 • 639 . E. Petersen gave for the heat 
of formation : T10H f-HF - TlF-j-H.»0 f-16'44 Gals. When the salt is exposed to 
sunlight it is coloured violet or black ; but it can be kept exposed to the air in 
darkness without change. 

E. II. Buchner evaporated over sulphuric acid a solu. of thallous fluoride in an 
excess of hydrofluoric acid, and obtained octahedral crystals of thallous hydro- 
fluoride, T1F.HF. The crystals are stable in air, up to KK)°, but above this temp, 
they decompose into hydrogen and thallous fluorides. E. Petersen gave 
TIF„ (|t - -f IIF a( , t —TIF.HFji,, -- 0-583 Cal. The crystals dissolve in an equal weight 
of water, forming a soln. with an acid reaction. Thallous fluoride forms double 
salts witli a number of metal fluorides. For example, P. Barteczko prepared 
thallous enneafluoaluminate, 3T1F.2A1F :) , by dropping a cone. soln. of thallous 
fluoride into a soln. of aluminium fluoride. The double salt separates out as a 
white crystalline precipitate. He also stated that no other double fluoride of 
thallium can be prepared by precipitation. The salt is slowly ({(‘composed bv 
sodium carbonate, and this is taken to indicate the presence of a complex compound. 
L Barlot evaporated to dryness a soln. of thallium in hot dll. hydrofluoric acid, and 
obtained thallium dihydrofluoride, ILTlF a , which crystallizes from water in white 
elongated prisms ; when heated, hydrogen fluoride is given off ; the aq. soln. reacts 
acid, but does not attack glass since the fluorine is masked. It is regarded as a 
complex acid, bydrotrifluothallous acid, which forms two types of salts, potassium 
hydrotrifluothallite, KHT1F :( . and potassium trifluothallite, K 2 TIF 3 . 

H. Moissan found that fluorine acts on metallic thallium, forming what has 
been stated to be thallic fluoride, T1F 3 , the reaction proceeds so vigorously that the 
metal melts and becomes red hot, but it is open to doubt if thallic fluoride has been 
isolated. According to J. E. Willm, when cone, hydrofluoric acid acts on freshly 
precipitated thallous hydroxide, a dark olive-green substance insoluble in water 
and in cold hydrochloric acid is formed, and similarly, when thallic nitrate is treated 
with hydrofluoric acid. When the product is warmed, it turns brown and melts 
to an orange liquid, which solidifies on cooling to a white mass ; if heated still more, 
thallous fluoride sublimes. J. E. Willm’s product, said J. Gewecke, is not thallic 
fluoride, but rather thallic oxyfiuoride, TIOF, and for the preparation of this com- 
pound he recommended a process similar to that employed by J. E. Willm. 
Thallium sesqnioxide is scarcely affected by standing for a long time in contact with 
hydrofluoric acid, and the product of the action has not a uniform composition ; 
thallic chloride is almost insoluble in hydrofluoric acid, and it forms a white powder 
the composition of which has not been investigated; thallic chloride with silver 
fluoride in aq. soln. forms silver chloride and thallic hydroxide ; if a 40 per cent. 
soln. of hydrofluoric acid be used, thallic oxyfiuoride is formed. When dried 
thallium sesquioxide is heated with potassium hydrogen fluoride, and extracted 
with anhydrous hydrofluoric acid, white potassium heptafluodithallate, KF.2T1F ? , 
is formed, which is extremely sensitive to the presence of moisture ; for it is 
immediately decomposed by water becoming brown, giving off hydrogen fluoride,, 
and forming thallic hydroxide. 
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§ 8. Thallium Chlorides 

Thallium forms at least four chlorides with the empirical composition— TIC 1 !, 
T\(J1 3 , T1C1 2 , and T1C1 3 . A. La my 1 prepared thallium monochloride, or thallous 
chloride, T1C1, by adding hydrochloric acid or a soluble chloride to a soln. of a 
thallous salt. M. Hebberhng made it by reducing a hydrochloric acid soln. of a 
thallic salt with sulphur dioxide; and E. Carstanjen used stannous chloride as 
reducing agent. J. liausmann also prepared the salt suspended in gelatine jelly. 
F. Ephraim and P. Barteczko precipitated thallous chloride by the addition of 
hydrochloric acid to a soln. of thallium sulphate. 

Precipitated thallous chloride is a white curdy mass which becomes more 
compact on standing ; it crystallizes from hot soln. in cubes and octahedra. 
W. P. Davey found the X-radiogram of thallous chloride shows the crystal unit 
is a body-centred cube with side 3 - 85 A., and the closest approach of the atoms is 
331 A. B. (lossner 2 obtained crystal skeletons from hot potassium hydroxide and 
sodium sulphate soln. ; and E. Carstanjen, cubic crystals from hot sodium 
carbonate soln. The crystals, said W. Stortenbeker, are isomorphous with potassium 
chloride. W. P. Davey ami F. 0. Wick found the X-radiogram of thallous chloride, 
like that of ciesium chloride, corresponds with a simple cube lattice of side 3 85 A. 
According to M. llebberling, the white chloride soon becomes violet when exposed 
to light ; the effect is said to occur only when impurities — lead or silver chlorides — 
are present, for tin* purified salt remains white after a prolonged exposure to light. 
11. Stolzenberg and M. E. Huth found that molten thallium chloride, m.p. 407°, 
becomes anisotropic on cooling, but (1. Tubandt and E. Lorenz’s work make, it 
probable that the effect is due to the presence of impurities. U. Lorenz and 
W. Eitel did not gel optically clear crystals of thallous chloride free from “ fog ” 
— vide, lead chloride. J. E. Willm gives the sp. gr. of the solid after fusion as 
7'00 ; and A. Lamy as 7 0‘2. F. A. Ifenglein studied the mol. vol. of thallous 
halides. W. Biltz found the lattice energy of thallous chloride to be 193 Cals, per 
mol. T. W. Richards and U. Jones gave the coelf. of compressibility as 47 Xl0~ 6 
per atm. S. Motylewsky found the drop-weight is ir- 449 (referred to water at 
(P-- 100), the capillary constant a ()07(bc ; and sp. cohesion 2 /l), where I) is 

t he sp. gr. at the m.p. 

The reported numbers for the m.p. of thallous chloride vary from E. Korrcng’s 3 
435° to T. Camelley and W. t\ Williams’ 451°. (!. Sandonnini gave 429 ’ ; 11. von 
Wartenborg and O. Bosse, 430' ; W. Hampe, 427‘ ; and K. Mbnkemeyer, 426°. 
The best representative value may be taken as 430". F. A. Henglein found that 
the mol. vols. of the chlorides of thallium, copper, and silver gave a straight line 
when plotted against numbers corresponding with anions or cations. E. Carstanjen 
said the yellow molten chloride solidifies, on cooling, to a translucent white mass 
which can be cut with difficulty with a knife ; and M. Hebberling, to a brown 
crystalline mass which soon became white. The b.p. of thallous chloride, according 
to T. Carnelley and W. C. Williams, lies between 708° and 719° when measured 
with the pyrometer in the vap. and 719 J to 731° when in the liquid. H. von 
Wartenberg and 0. Bosse found the vap. press., p, at 665° to be 129 6 mm. ; at 713°, 
253 8 mm. ; at 760°, 4425 mm. ; at 791 3 , 653 6 mm. ; and at 807°, 767-4 mm. ; the 
results at the absolute temp., T, are represented by log p~~ 25108/4*571 T-f5-093 
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and the b.p. is 806°. The vap. density between 837° and 1026° was found by 
H. E. Roscoe to agree with that calculated for the formula T1C1, and E. Beckmann 
obtained the same mol. formula from its effect on the f.p. of mercuric chloride. 
(I. D. Roos gave 165 cals, per gram for the heat of fusion. According to 
J. Thomsen, the heat of formation is TlJ-Ul-TlCl f 48 6 Cals. — M. de K. Thompson 
calculated 43' 7 Cals from the solubility. J. 0. lYrrine observed no iluorescence 
with thallous chloride in X-rays. The fused salt was found by W. Hampc to 
be a good electrolyte. The photochemistry of thallous chloride has been 
studied by C. Renz, from which it appears that under water, hydrochloric 
acid, ammonia, ethylamine, ethyl alcohol, glycerol, toluene, xylene, or pyridine, 
a darkening occurs, and the thallous chloride passes through various shades 
of greyish-brown to blackish- brown. This is attributed to the formation of 
t hallow $ photochlorule , and thallosothallie chloride. A. Benrath found thallous 
chloride, whether dry or under water, is changed by light to a brown substance, 
possibly TIC1.J.3T1C1. W. W. Coblentz and .1. F. Eckford measured the photo- 
electric sensitivity of thallous chloride, C. Sandonnini gives the electrical 
conductivity of fused thallium chloride at 429" as 1224 reciprocal ohms. The 
etj. conductivity of soln. at 25° with a gram-molecule of the salt in r bin's of 
water was found by K. Frankc to be 139 6 reciprocal ohms for v 128; 1431 for 
r 256; and 1151 for r--512. G. Jones and \Y. C. Scliumb measured the con- 
ductivity of soln. of thallous chloride. A. A. Noyes and (I. Abbot calculated the 
degree of ionization of thallous chloride in aq. soln. at 29'75" to be 86'5 to 86'6 per 
cent. Ford Berkeley found the ratio of the osmotic press., P atm., and the mol. 
cone., (\ to be 57'0 when the value calculated from the, dil. soln. law is about 31. 
The electrical conductivity of aq. soln. has been also investigated by F. Kohlrausch 
and M. E. Maltby. F. Kohlrausch’s value for the sp. conductivity of a sat. aq. soln. 
at 13 is 1511 x 10~ 6 reciprocal ohms per cm. cube ; and at 25”, 2 176 X Hr reciprocal 
ohms. J C. Ghosh measured the sp. conductivity. /a, of fused thallous chloride 
and found 0 00005 at 523° K. : 0 00021 at 573" Iv. ;‘ 0 00090 at 623" K . ; 0 00370 at 
673 K. ; and 0 00610 at 69T K. A. A. Noyes and K. G. Falk found the percentage 
ionization of soln. with 1,5, and 10 millieq. per litre to be respectively 97'6, 91'2, and 
915 A. A. Noyes has measured the effect of cadmium sulphate on the conductivity 
of aq soln’. of thallous chloride ; G. N. Lewis and M. Randall measured the activity 
coeff ; and K. Ivlemeusiewicz, the conductivity of soln. of thallous chloride in 
antimony trichloride. G. von Hevesy found the ratio of the conductivities above, 
and below the m.p. to be 160, and he calculated that the gain of energy required to 
render the ions of the crystal neutral is 44 cals. Tin* greater this energy the smaller 
the tendency of the lattice to be loosened with rise of temp. W. Schmidt gave 30 
for the dielectric constant. G. Tammann measured the potential of fused thallous 
chloride with magnesium, manganese, or aluminium. 

The solubility of thallous chloride in cold water is relatively small, but it rapidly 
increases as the temp, rises. The thallous halides, like the silver halides, are pre- 
cipitated by the halogen acids, but, like the lead halides, they are appreciably soluble 
in water. Isolated observations on the solubility have been made by W. Crookes, 4 
A. Gamy, A. E. Hill, G. N. Lewis and C. L. von Ende, G. Jones and W. C. »Sehuml>, 
M. Ilebberling, A. A. Noyes and G. Abbot, W. Bottger, G. Geffcken, and F. Kohl- 
rausch ; series of measurements have been made by A. A. Noyes, and the Earl of 
Berkeley ; while A. A. Noyes and G. Abbot, ami G. Geffcken have measured the 
influence of other salts on the solubility of thallous chloride. The best representative 
values by interpolation of all but the Earl of Berkeley’s data give for the solubility 
<S of thallous chloride in grams per 100 c.c. are : 


0° 10® 20® 25® 

S . .021 0-25 0*33 030 

a« 3 

0-42 

40’ 

0-52 

50® 

063 

(10® 

080 

so® 

120 

100’ 

1-80 

The Earl of Berkeley’s values are : 







S . . 017 0'24 0-34 0-40 

0*40 

o-oo 

0-80 

HJ2 

1*00 

2*41 
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t l, e Ust nine refers to 99-3°. The solid phase through the whole range is the 
anhydrous chloride. A. Lamy, and A. Ditto found that the solubility is depressed 
by the presence of hydrochloric acid , and this the more the greater the cone, of the 
acid ; consequently, as M. Hebberling noted, the salt is precipitated from a q. soln. 
by the addition of hydrochloric acid ; and, as A. Ditte noted, the salt is virtually 
insoluble in the cone. acid. A. A. Noyes found at 25°, the solubility of thallous 
chloride fell from 3-801 grms. per litre to 2-002 grms. when 1'032 grms. of hydro- 
chloric acid, 11(3, were present, and to 1353 and 0-757 grms. when respectively 
2013 and 5 357 grins, of HCl were present. A. E. Hill and J. Y. Simmons 
measured the solubility and sp. gr. of soln. of thallous chloride in nitric acid. 
Expressing the results. S, in grams per litre at 25° : 


]V-HN0 3 . 0 0-4977 

(S’ . ’ . 3-951 5-937 

Sp.gr. . 0-990 1-0184 

For acetic acid, A. E. Hill gave : 

N-CH a ('()()H . 0 00501 

S . ' . . 3-8515 3-8375 


1-0040 
0-882 
1 0359 


0-0958 

3-8320 


20452 
8- 143 
1-0705 


0-203 

3-7503 


4-0170 

9-925 

1-1362 


0-521 
3 0539 


A. Lamy reported that thallous chloride is insoluble in alcohol; A. Naumann, 
that it is sparingly soluble in acetone; and A. Naumann and J. Schroder, that 
it is insoluble in pyridine. 

Remembering that ft litre of water dissolves tS — 0*01012 mol of thallous ehlorido at 
25®, and expression solubilities and proportions of salt in tools per litre at 25®, and selecting 
extreme terms of partu-ular series of measurements, (5. (Jeffc-ken found that with 0-5 and 
2-0 mols of ammonium nitrate por litre the solubility, S, changed to 0 0258 arid to 0 03960 
respectively ; with 05 and 3*0 mols of lithium nitrate , S changed to 0 0242 and 0 04438 ; 
with 0T> mol of potassium chlorate, S changed to 0-0237 ; with 0-5 and 20 mols of potassium 
nitrate, S changed to 00257 and 0-0390 ; with 0*5 and 4-0 mols of sodium nitrate , S changed 
to 0-02504 and 0 05128 ; and with 0-5 and 40 mols of sodium chloride, S changed to 0 02320 
anil 0-03850. A. A. Noyes found with 0-0283 and 0-1408 mol of barium chloride, <S changed 
to 0 00857 and 0*00323; with 0 030 and 0*1574 mol of cadmium sulphate, changed to 
0*0200 and 0 0309; with 0-015 and 0-1574 mol of sodium acetate , S changed to 0 0108 
and 0 0190; with 0-0283 and 0 1408 mol of thallous nit i ate, S changed to 0-0083 and 
0-00332 ; with 0-0283 and 0*0500 mol of thallous sulphate, S changed to O1OO88O and 
0-00024 ; with a sat. soln. of thallous thiocyanate, S changed to 0 0 1 19 ; with 0 025 and 0-2 mol 
of ammonium or hydrogen chloiidc, S changed to 0-00873 and to 0 00202 ; with 0 025 and 
0 20 mol of cupric or calcium chloride , S changed to 0*00902 and 0-00287 ; with 0-025 
and 0-20 mol of manganous or magnesium chloride , S changed to 0-00901 and 0-00278 ; with 
0 025 and 0 20 mol of potassium or sodium chloride, S changod to 0*00871 and 0 00208 ; 
with 0 025 and 010 mol of thallous chlorate or nitrate., S changed to 0-00889 and 0-00423 , 
with 0-25 and 0*20 niol of zinc chloride , changed to 0-00899 and 0 00281 ; and with 0-025 
and 0-20 mol of cadmium chloride, S changed to 0-0104 and 0-00427 respectively. A. A. Noyes 
and (1. Abbot, working at 39-75°, found that w-ith 0-01507 mol of thallous bromate, S changed 
to 0*01959 ; and with 0-02149 mol of thallous thiocyanate, & changed to 0 01807. W. (X Bray 
and W. J. Winninghoff found that, with 20 and 300 millieq. of potassium sulphate per 
litre, the solubility rose from 0 01007 for water to 0-01779 and to 0*02000 respectively. 
J. F. Spencer and M. le l’la found that the presence of potassium carbonate also augmented 
the solubility of thallous chloride at 25® water alone dissolves 3 80 grms. of thallous 
chloride per litre, hut with a 5 IV -soln. of potassium carbonate, 21-84 grms. of thallous chloride 
are dissolved. 

According to V. Thomas/’ dried liquid chlorine has virtually no action on dry 
thallous chloride ; but if this salt be heated in a stream of dry chlorine, A. Lamy 
found that TLCI 4 , or T1C1 2 , is formed ; and if the thallous chloride be suspended in 
water, T1 2 CI 3 is first formed, and later TR1 3 is produced. G. Werther found that aqua 
regia converts thallous chloride into T1.,C1 3 , or T1 2 C1 4> but J. E. Willm added that with 
a very prolonged action, thallium trichloride is formed. According to J. E. Willm, 
a hydrochloric acid soln. of thallous chloride is oxidized to thallic chloride by 
potassium permanganate. V. Thomas also found that bromine converts thallous 
chloride into a series of bromochlorides. A. Lamy found that hot sulphuric acid 
converts thallous chloride into thallous sulphate, and fused sodium hydrosulphate 
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[•fleets the same conversion very readily, and J. Krause made the same remarks 
concerning a boiling soln. of sodium sulphate of sp. gr. 1*02 to 104, but R. Nietzki 
contested the accuracy of J. Krause’s statement. A. Lamy says thallous chloride 
is virtually insoluble in aq. ammonia, and that hot potash-lye partially decomposes 
thallous chloride, but on cooling, the salt is for the most part re-formed. Thallous 
chloride does not absorb ammonia at ordinary temp., but in liquid ammonia, \V. Bill z 
and W. Stollenwerk found that thallous triamminochloride, TIC1.3NH 3 , is formed. 
Similarly also with thallous bromide and iodide. The vap. press, of all three salts 
are very near that of ammonia itself. The solubility of the triammines in liquid 
ammonia increases with rise of temp., and with the at. wt. of the halogen. The heat 
of formation for the ammine is about 71 Cals, for each mol of ammonia ; and it 
dissociates at —63° under 1(K) mm. press. No lower ammine was observed. 
YV. Biltz, and J. Clark made some observations on this subject. 

A. ('ossa found aluminium precipitates metallic thallium from soln. of thallous 
chloride at 90° ; magnesium acts similarly, and a mixture of dry thallous chloride 
with magnesium powder at a red heat was found by K. Seubert and A. Schmidt 
to form magnesium chloride, and metallic thallium without becoming incandescent. 
A. 0. Page, and V. Thomas used the thallium chlorides as catalytic agents for 
stimulating the chlorination of organic compounds. C. Benrath found that thallous 
chloride is reduced to metal by oxalic, tartaric, and citric acidp; more easily than 
the bromide, and still more easily than the iodide. Thallic halides are more 
easily reduced than thallous salts. 

Thallous chloride forms a number of double salts with other metal chlorides, 0 
but no definite compounds of thallous chloride and the alkali chlorides have been 
prepared. C. Sandonnini and P. ('. Aureggi found that lithium ami thallous chlorides 
are completely miscible when fused ; there is a eutectic at 342° corresponding with 
02 molar per cent of thallous chloride and no mixed crystals are formed. There is 
a eutectic at 412° in the system : sodium and thallium chlorides , corresponding wit h 
about 85 molar per cent, of the latter component. The two chlorides are probably 
not miscible in the solid state. Potassium and thallous chlorides are miscible in all 
proportions in the solid and liquid states; and rubidium and thallous chlorides 
are completely miscible within very wide limits ; errsium and thallous chlorides 
behave similarly. E. II. Ducloux said that a double salt is formed with cirsimn 
chloride. 

E. Korreng found that the f.p. curve of the binary system CuCl— T1C1 gave 
indications of the formation of a double salt of thallous cuprous chloride. According 
to C. Sandonnini and P. C. Aureggi, the f.p. curve of thallous ami silver chlorides 
indicates the existence of silver thallous chloride, 2AgCl.TlCl, which is shown by a 
break in the curve at 252 - -the compound decomposes on melting and there is a 
eutectic at 210° corresponding with 41 molar percent, of thallous chloride. 
0. Sandonnini has studied the electrical conductivities of solidified mixtures of these 
two salts, and he found the isotherm at 200° gives a maximum corresponding with the 
eutectic mixture. E. Carstanjen, and W. Crookes obtained lustrous yellow crystals 
of thallous chioro&urate, T1AuC 1 4 , by adding gold chloride to a hot aq. soln. of 
thallous chloride. The crystals are but slightly soluble in water, and when calcined 
give an alloy of thallium and gold. 

In the thermal study of the binary system- barium and thallous chlorides — T. Lic- 
bisch and E. Korreng found no sign of the formation of a compound ; while with 
♦he systems T1C1— CaCL> and TKJl -SrCl 2 , E. Korreng found that double salts were 
formed, namely, thallous calcium Chloride, TICl.CaCL, melting at 683° ; and thallous 
strontium chloride, TlCl.SrCl 2 melting at 569°. Similarly, with magnesium, zinc, 
and cadmium chlorides, T. Liebisch and E. Korreng found that thallous chloride 
formed compounds : thallous magnesium chloride, TICl.MgCIg, melting at 499° ; 
thallous zinc chlorides, 2TlCl.ZnCl 2 , melting at 352°, and TlC1.2ZnCl 2 , melting at 
226° ; and thallous cadmium chloride, TICl.CdClj, melting at 436°— 0. Sandonnini 
gives 426° — there are here eutectics at 259° and 400° with respectively 27 and G6 
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molar per cent, of cadmium chloride. He also studied the electrical conductivity 
of the mixed salts at different temp. C. Sandonnini found that binary mixture* 
of thallous and mercuric chlorides gave a f.p. curve indicating the formation of two 
thallous mercuric chlorides, namely, TlCl.HgCl 2 , melting at 224°, and 4TlCl.HgCl 2 , 
which probably decomposes when fused, and is formed at about 250°. Both com- 
pounds form solid soln. with each other and with the simple salts between wide 
limits. The eutectics at 183° and 205° correspond respectively with 64 and 32 
molar per cent, of mercuric chloride. The first-named mercuric compound, 
TKTHgCh, was obtained by E. Carstanjen in long needles by cooling a hot soln 
of thallous and mercuric chlorides. The compound is volatilized more easily than 
thallous chloride, and it colours the flame intensely green. The air-dried salt was 
found by S. M. Jorgensen to be anhydrous, and it loses traces of mercuric chloride 
at 120° -130°, and within two days, at 200°, all the mercury salt is lost. When 
boiled with water and zinc all the thallium and mercury are precipitated. 
J. Kendall and co-workers made thallous tetrachloroaluminate, TICI.AICI3, melt- 
ing at 21)7°, and thallous heptachloroaluminate, T1C1.2A1C1 3 . 

According to J. E. Willm, 7 an aq. soln. of thallic chloride or thallium trichloride, 
TICLj, can be prepared by treating an aq. soln. of thallous chloride with chlorine. 
(5. Werther treated thallous chloride suspended in water with chlorine until all had 
dissolved. A soln.. of thallic chloride is also made by treating thallous chloride 
with aqua regia ; or by dissolving in water the product of the action of chlorine 
on heated thallous chloride and precipitating thallic hydroxide by the addition of 
potassium hydroxide. The washed precipitate is then dissolved in cold hydro- 
chloric acid. 0. Renz obtained thallic hydroxide by warming thallous hydroxide 
or carbonate with sodium hypochlorite, and also dissolved the washed product in 
cold hydrochloric acid. 

(t. Werther passed chlorine into water with thallium or thallous chloride in 
suspension until the soln. no longer gave a turbidity with hydrochloroplatinie acid ; 
the excess of chlorine was removed by a current of carbon dioxide ; and the soln. 
evaporated in vacuo. Colourless prisms of monohydrated thallic chloride, 
Tl('i :{ .lL>0, were formed. A. S. Cushman could not establish B. J. Meyer’s and 
(1. Werther’s claims to have made monohydrated thallic chloride. A. S. Cushman, 
however, does agree that one of the four mols. of water in tetrahydrated thallic 
chloride is differently related to thallic chloride from the other three, and he ex- 
presses his hypothesis by the symbols : 


H 

{!>() -Cl -() -'ll 
H 


Cl (K 


T1~0< 


The full saturation value of mols. of the type MC1 3 for water is six, as exemplified 
by aluminium, iron, etc. No thallic chloride with six mols. of water has been 
isolated. U. Werther also reported Tl(1 3 .7|IL>0, but this has not been confirmed. 
According to R. J. Meyer, the monohydrated salt is obtained only when the soln., 
not too cone., is evaporated in the desiccator ; if the soln. be in the least super- 
saturated or undercooled the tetrahydrated salt is formed. The monohydrated 
salt is also formed by the hydration of the tetrahydrated salt at 55°. If the tetra- 
hydrated salt be confined in a desiccator over potassium hydroxide, sulphuric acid, 
or phosphoric oxide, it loses water and liquefies ; the liquid deposits long hexagonal 
crystals of the monohydrated salt, and finally the anhydrous chloride. According 
to tt. J. Meyer and A. S. Cushman, tetrahydrated thallic chloride, TICI3.4H0O, is 
prepared in the following manner : 


Thallous chloride suspended in ft little water is treated with chlorine while slowly heated 
up to its b.p. ; the action is continued until all is in soln. The liquid is evaporated between 
00° and 80° and repeatedly sat. with chlorine, until it has a syrupy consistency. On cooling 
the syrupy liquid slowly by a freezing mixture, prismatic crystals separate out : but on 
cooling rapidly, white needles appear The crystals belong to the rhombic system. 
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Tetrahydrated thallic chloride is hygroscopic, according to R. J. Meyer, and 
not hygroscopic, according to A. S. Cushman, while V. Thomas showed that at 17° 
in air, the salt deliquesces only when the moisture content of the air exceeds 63 per 
cent, corresponding with a dissociation press, of about 23 mm. of mercury, so that 
the tetrahydrated chloride is stable in air sat. with water vapour. A. S. Cushman 
gives the vapour tension of the tetrahydrated chloride as 1)5 mm. at 17°, and he 
adds that if this salt bn fitted to an instrument for recording variations in weight, 
the curve is a record of the hygroscopic state of the atmosphere. According to 
R. J. Meyer, the tetrahydrated salt melts at 15 u aiui freezes at 33°. V. Thomas 
gives the m.p. between 36° and 37°. Thallie chlorine, anhydrous or hydrated, is 
very soluble in water ; according to V. Thomas. 100 parts of water at 17° dissolve 
862 parts of the tetrahydrated salt, and the sp. gr. of the soln. is 185 and the heat 
of the soln. of the tetrahydrated salt in water is - 212 Cals. The aq. soln. reacts 
acid, and the hydrolysis is emphasized bv the rise in the eq. conductivity, A. which 
occurs on dilution as determined by R. J. Meyer, with soln. containing a gram-eq. 
of the salt in v litres of water, A - 348 when v- 2 ; A 40 8 when v 4 ; A --48'2 
when e --K ; A -58 0 when r 16 ; A 712 when v 32 ; A -102 7 when r - 64 ; and 
A 145 7 when v -428. With dilution, a stage is reached when th<* soln. becomes 
turbid through the separation of the brown hydroxide, TK0il) :{ . Thallie chloride, 
however, is stable in dil. soln. if sufficient hydrochloric acid be present. A. Voigt 
and W. Biltz made some measurements of the electrical conductivity of the 
fused salt. 

Silver nitrate precipitate* the chlorine quantitatively as silver chloride from a 
soln. of thallie chloride acidified with nitric acid; but from a neutral soln., in 
addition to silver chloride, a brown precipitate of thallie hydroxide is formed. 
It. .1. Meyer stated that silver nitrate precipitated only two-tlurds of the chlorine 
from soln. of thallium trichloride, but after A. S. Cushman had shown that this 
statement is inaccurate, R. J. Meyer showed that the precipitation of silver chloride 
is hindered by the solubility of silver chloride in the thallium nitrate which is formed. 
The constitutional formula for thallie chloride, T1CI Cl 2 , based on the different 
properties possessed by one of the three chlorine atoms in thallie chloride is therefore 
invalidated. One of the peculiarities of thallie chloride and its water complex is 
the ease with which they dissolve in most solvents including ether and alcohol. 
■J. Niekles passed chlorine into a suspension of thallous chloride in dry ether, 
(L'/L,)/), and obtained what he thought, to be, (C 2 H 5 ) 2 0.T1C1 3 1101.11./), but 
R. J. Meyer could not verify this. R. J. Meyer did prepare the compound 
(< VU/d.TlOLj by the action of ether on tetrahydrated thallie chloride ; A. 8. Cush- 
man questioned the existence of It. J. Meyer's compound, but the, objection could 
not- be maintained, for if the ethereal soln. be evaporated in vacuo, crystals of the 
compound melting at 30" are, produced. R. .1. Meyer also prepared an analogous 
compound with alcohol, T1C1 3 .C 2 H :i (() 1I). Several other compounds of thallie 
chloride with organic bases pyridine, aniline, etc. — have been prepared. 

According to F. M. MeClenahan, tetrahydrated thallie chloride loses all its water 
when heated for an hour at KMC and there is very little loss of chlorine, and lie 
traces the loss of water through the following stages: TlCl 3 .4H 2 0-VriC| 3 211/) 

— >T1C1 3 . 11.^0— >T1( 1 ;j . The evidence for the existence of di hydra fed thallie chloride , 
T1C1}.2H.,0, has not yet been established. If the, dehydration be conducted 
m a stream of hydrogen chloride, a hydrochloride is formed: T1C1 3 .4H 2 0 
->Tl( 1 l ; j.3H 2 0.HCl~>TlCl;5.H 2 0->TlCl 3 . According to A. S. Cushman, if the 
tetrahydrated salt be confined over phosphorus pentoxide in a desiccator, the 
anhydrous chloride is formed, but if certain impurities are present, the chloride 
is reduced to the dichloridc with the evolution of hydrogen chloride or chlorine ; 
but even under the best conditions, A. S. Cushman found that the hydrated salt 
cannot be freed from water without undergoing a slight reduction. It. J. Meyer 
prepared anhydrous thallie chloride by dehydrating the tetrahydrated salt at 55°. 
R. J. Meyer also prepared anhydrous thallie chloride by keeping the hydrate with 
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ether, T1C1 3 (0 2 H 5 ) 2 0, for about 10 days in vacuo, when the ether is all removed. 
The preparation of anhydrous thallic chloride by heating one of the lower chlorideB 
in a stream of chlorine is not satisfactory, because a mixture with a variable amount 
of chlorine is formed ; but V. Thomas made it by sealing some liquid chlorine in 
one leg of a A-tube, with thallous chloride in the other leg. The tube was sur- 
rounded by a metal cloth, and the leg with the solid heated by a Bunsen’s burner. 
In about 48 hrs. a small quantity of white crystals of thallic chloride was found to 
have sublimed in the atm. of chlorine. V. Thomas found the product melted at 
00° to 70° while confined in the sealed tube at 7-8 atm. press. The small six-sided 
crystalline plates, obtained by dehydrating the tetrahydrated salt, melt at 24°, 
but, according to W . Hanipe, they cannot be melted without decomposition under 
atm. press. According to V. Thomas, the decomposition is slow at 40° and rapid 
at 1(H) 0 --- the lower chlorides are simultaneously formed. The anhydrous chloride 
iq very hygroscopic, and soluble in water ; and, according to R. J. Meyer, in ether 
and alcohol ; and, according to (J. Renz, in acetone. It is also soluble in 
other organic solvents. According to V. Thomas, the heat of formation is 
T1+3CU=8<)’82 Cals. ; or T101 S()U( H-2CW -32 2 Cals. ; and TlCl 3HO ,i ( H-4H 2 0 liquifl 
~!ICl 3 4H.j0 8(> iiti -f- 10*55 Cals. ; and the heat of soln. of the tetrahydrated chloride 
in water is — 2* 12 Cals. ; and the heat of soln. of the anhydrous chloride is 8 43 Cals. 
According to J. Nickles, colourless thallic chloride is changed by exposure to sun- 
light, forming brown thallium sesquioxide. Soln. of ammonia, alkali hydroxides, 
alkali or alkaline earth carbonates, form brown thallium sesquioxide. Ammonia 
does not react in this way in the presence of an excess of ammonium chloride, tor 
the soln. remains clear and colourless ; it, however, turns brown if water be added, 
but the original colour is restored if more ammonium chloride be added. Thallic 
salts in general were shown by A. J. Berry to be quantitatively reduced by ferrous 
sulphate : Tl 2 (S0 4 ) 3 -f 4Fe8() 4 - Tl 2 S0 4 -f 2Fe 2 (S0 4 ) 3 , and by sodium arsenite : 
Tl 2 0; r bAs 2 0 3 -Tl 2 0+As.A; he also examined the reducing effect of copper, and 
hydroxylamine : Tl 2 () 3 f-2NH 2 OI[ — Tl 2 0-|-3H 2 () fN 2 0. Bismuth nitrate gives a 
white precipitate— nearly quantitative ; the precipitate is soluble in a soln. of 
ammonium chloride. 

Thallium trichloride combines with ammonia producing white crystals of 
thallium triamminotrichloride, T1C1 3 .3NH 3 , which was prepared by J. E. Willm 
by mixing an alcoholic soln. of the chloride with an alcoholic soln. of ammonia ; 
by mixing a cone. aq. soln. of thallic chloride with ammonia; by boiling thallic 
hydroxide with a cone. aq. soln. of ammonium chloride until it begins to give oil 
ammonia, and then treating the colourless soln. with ammonia. The white crystal- 
line precipitate is washed with aqua ammonia, then with alcohol made feebly 
ainmoniacal ; then with absolute alcohol ; and finally dried in vacuo. J. E. Willm 
also said that thallium triamminotrichloride is formed by the action of dry ammonia 
on anhydrous thallic chloride, but D. Gauthier found that thallium pent&mminO' 
trichloride, T1C1 3 .5NH 3 , is produced by the action of an excess of ammonia on the 
anhydrous trichloride at ordinary temp. W. Biltz measured the vap. press, of the 
triamminotrichloride at -50°, -60°, and -79°, and obtained the values 39 (38) mm., 
156 (165) mra., and 290 (307) mm. respectively. The numbers in brackets refer to 
the vap. press, of liquid ammonia at these temp. J. E. Willm found that thallic 
triamminochloride is decomposed by water with the separation of bluish-black 
thallium sesquioxide ; it dissolves in hydrochloric acid, forming ammonium chloro- 
thallate, and when heated it gives off ammonia, and ammonium chloride, and leaves 
behind a residue of thallous chloride. R. -T. Meyer found that tetrahydrated thallium 
chloride readily absorbs one molar proportion of hydrogen chloride, forming a liquid 
which, on standing over phosphorous pentoxide, furnishes needle-like crystals of 
hydrotetrachlorothallic acid, HT1(T 4 .3H 2 0, orTlCl 3 .HC1.3H 2 0 ; the same compound 
was obtained by evaporating a soln. of thallic chloride in cone, hydrochloric acid ; 
and by evaporating on a water-bath a soln. of thallous chloride sat. with chlorine, 
and maintained sat. during the evaporation. The evaporation is completed over 
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sulphuric acid, and potassium hydroxide contained in a desiccator. The crystals 
rapidly deliquesce in air, and chlorine and hydrogen chloride are evolved simultane- 
ously with the reduction of some 1 of the thallic salt. The crystals are stable in dry 
air. V. Thomas gives the heat of formation : TlCl ;}9 oin.d HCl 80 i n .=TlCl 3 .HCl— 0‘2 Cal. 
When a solu. of the salt is' neutralized with potassium hydroxide, R. J. Meyer 
found that the salt 2KC1.T1C1 3 .2H.>0 is obtained, and not, as anticipated, 
KTlCVnHoO ; the reaction is represented by: 2HTlCl f -f 2KOH-- K 2 T1C1 6 4 TK-ls 
f 2HiO ; and A. S. Cushman represents the transformation by the symbols : 


H 

H— Cl— Cl— 6 - 


Tl< ( 1“0 — h j 
11 vl—0--H 4 


H 


jj>0 Cl— O— Tl< 


Cl— Cl -K 
Cl Cl — K 


where the linkage of H- Cl= to the complex is not strong enough to attach the 
heavier and more basic K— Cl - ; in consequence, a redistribution of the atoms 
in the mol. occurs so as to produce the most stable configuration which is possible 
under the circumstances. R. J. Meyer drew attention to the analogy between 
hydrochlorothallic acid, }IT1C1 4 .3H 2 0, and hydrochloroauric acid, HAuC1 4 .3H 2 0. 

Three types of double salts with thallic chloride and alkali or ammonium chloride 
are known: 2T1C1 3 .3MCUH 2 0 ; T1C1 3 .3MC1 uH.,0 ; and 3T1C1 3 .MC1.«H 2 0. Thallic 
and ammonium chlorides can be fused and crystallized together in all proportions, 
the thallic salt suffers reduction during fusion, and this prevents the construction 
of f.p. curves like those obtained with thallous chloride Ammonium hexachloro- 
thallate, 3NH 4 C1.T1C) 3 , or (NH 4 ) 3 T1C1 ( j, is forniej], according to J K. Willni, 8 when 
a soln. of thallic trianiminotrichlonde m hydrochloric acid is evaporated to the point 
of crystallization ; and (1. Neumann prepared it by treating a soln. of thallic chloride 
in cone, hydrochloric acid with a cone. soln. of ammonium chloride. According to 
R. J. Meyer, the hexagonal plates so formed gradually become yellow owing to the 
reduction of the salt. J. Nickles obtained dihydrated ammonium hexachloro- 
thallate, 3NH 4 C1.T1C1 3 .2H 2 0, by treating the ether or alcohol compound of thallic 
chloride with ammonium chloride ; C. E. Raniniolsberg obtained the same product 
by evaporating a mixture of ammonium chloride with a soln. of thallic hydroxide 
in hydrochloric acid ; and (1. Neumann, by saturating with chlorine a warm soln. 
of thallium sesquioxide and potassium chloride in cone, hydrochloric acid. The 
liquid, filtered through glass-wool, is evaporated either in a desiccator or on a water- 
bath while chlorine is being passed through the soln. According to ('. F. Rammels- 
berg. the tetragonal bipyramidal crystals have the axial ratio a : c - -1 : 07954. 
J. Nickles noted that the crystals gradually become yellow with red spots due to 
the formation of thallic hydroxide. The salt is soluble in water and in alcohol, 
and it loses all its water at 100°. When a soln. of the salt is treated with alkali 
hydroxide, carbonate, or with water containing calcium hydrocarbonate in soln., 
thallic hydroxide is precipitated. 

J. H. Pratt prepared sparingly-soluble, deliquescent crystals of octohydrated 
lithium hexachlorothallate, 3LiCl.Tlt’l 3 .8H 2 0, or Li 3 TlCl 6 .8H 2 0, from mixtures 
of soln. of the component salts ; and likewise also, dodecahydrated sodium 
hexachlorothallate, 3NaCl.TlCl 3 .12H 2 0, or Na 3 TlUl 0 .12H 2 O. 0. F. Ratmnols- 
berg, and G. Neumann prepared dihydrated potassium hexachlorothallate, 
3KC1.T1C1 3 .2H 2 0, or K 3 T1C1 6 .2H 2 0, by methods similar to those, which they respec- 
tively employed for the corresponding ammonium salt. R. .1. Meyer made it from a 
mixed soln. of the component salts containing three or more mols of potassium chlo- 
ride for one of thallium trichloride. J. Nickles also investigated this salt. According 
to A. Fock, the tetragonal bipyramidal plates have the axial ratio a : c 1017913, 
and they are feebly double-refracting. According to A. Fock, and R. C. Wallace, 
the salts K 3 T1C1 6 .2H 2 0, (NH 4 ) 3 TlCl fl .2H 2 0, K 3 InGl 6 .2H 2 0, arc isomorphous with 
one another and with the corresponding bromides. The crystals can be kept in 
air for some time, but they gradually become matte and turbid ; and between 
50° or 60°, or in vacuo, they lose their water of crystallization. At higher temp., 
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they decompose with reduction A soln. of the salt in hydrochloric acid becomes 
brown on exposure to light. A. Fock found that the salts 3KCl.InCI 3 .l£H 2 0 and 
3KCI.TlCI3.UILO form isomorphous mixtures. The salt potassium pentachloro- 
thallate, 2KCl.flCI ;J .2(«>r 3)ILO, is formed by methods analogous to those employed 
for the hexachlorothallate, from soln. with less than three mols of potassium chloride 
to one of t bailie chloride. G. Neumann failed in his attempt to make the salt. 
According to R. J. Meyer, this salt is formed by neutralizing hydrochlorothallie 
acjd. According to ( '. F. Rammelsberg, it forms transparent, colourless, monoclinic, 
prismatic crystals with axial ratios a : b : c -0*7050 : l : 0*9576, and j9— 08° ]8\ 
According to R. J. Meyer, when dried in vacuo, or when heated between 50° and GO 0 , 
a mol of water is lost. According to C. F. Rammelsberg, two mols of water arc 
lost over sulphuric acid. It is decomposed when heated above 60°, and is partially 
reduced. J. II. Pratt prepared rhombic crystals of monohydrated rubidium 
pentachlorothallate, 2Rb('I.Tiri ;J .H 2 0, by adding between 1 ‘25 and 18 grms. of 
rubidium chloride to a cone. soln. of 30 grins, of thallic chloride. The axial 
ratios are a : b : c 0 0702 : l : 0*7002 ; R. C. Wallace gives for the axial ratios 
u'lr.r 0 0770: 1 : 1*4388, and tin* sp. gr. 3*513 at 20°. The crystals are not 
decomposed by recrystallization. G. Neumann made rubidium hexachlorothallate, 
3RbCi.TI('l;{, by dissolving thallium sesquioxide and rubidium chloride in cone, 
hydrochloric acid, and oxidizing the hot soln. with chlorine. The hot filtered soln. 
deposits thin rhombic plates which are readily soluble in water with decomposition, 
and gradually become matte and turbid in air. J. H. Pratt prepared monoclinic 
crystals of monohydrated rubidium hexachlorothallate, 3RbCI.TlCI3.lLO, from a 
soln. containing 15 to 25 grms. of thallic chloride to 10 grms. of rubidium chloride. 
F. GodelTroy obtained colourless, quadratic crystals of dihydrated rubidium hexa- 
chlorothallate, 3RbCl.TUTt.2ILO, by evaporating a mixed soln. of the component 
salts, and he says that 100 parts of water at 18^ dissolve 13 3 parts of the salt and 
at 100°, 02 parts of salt. J. II. Pratt obtained pale green crystals of csesium 
pentachlorothallate, 2( 1 s(’l.TlGl ;J , from soln. with 5 to 8 grms of thallic chloride 
and 50 grms. of etesium chloride, lie also prepared rhombic crystals of mono- 
hydrated caesium pentachlorothallate, 2Csri.Tiri3.ILO, from dil. soln. of 8 to 15 
grms. of thallic chloride and 100 grms. of eiesinm chloride. The axial 
ratios an* a:b:c OG7G2 : 1 :0*G!)51; R. ('. Wallace gives for the axial ratios 
a : b : c 0*1)800 : 1 : 14321, and the sp. gr. 3 870 at 20 \ The salt is isomorphous 
with the corresponding rubidium salt, with tin* corresponding indium chlorides and 
bromides, and with K.d<YCl r ,.lLO and (NIf 4 ).dM'lr i .lL(). When the pentaehloro* 
thallate is recrystallized from water, or when soln of 10 grms. of thallic chloride 
and 0*5 to 20 grms. of nesium chloride arc mixed, crystals of caesium enneachloro- 
dithallate, 3CsCl 2TICI.I, are formed If the soln. contains 50*30 grms. of ejcsium 
chloride to 0*5 grm. of thallic chloride, the crystals are hexagonal plates; if 
crystallized from water, hexagonal prisms. The axial ratios are a : v 1 .0 8257. 
The crystals have a feeble negative double refraction ; and the indices of refraction 
for the La-. Na-, and Tl-liues are respectively w l 772, 1*781, and 1 702. and 
€ - 1 *702, 1*774, and 1*780. J. H. Pratt prepared a mass of hair-like crystals of 
monohydrated caesium hexachlorothallate, 3CsCI.TH’l. { . I Lo, hy adding a soln. of 
0*25 grm. of thallic chloride to one with 50 grms. of crcsium chloride. F. Godeflroy 
claimed to have made di hydra ltd nrsiuni hexachlorothaUah\ 3CsCl.TlCl3.2iLO, 
from a mixture of the component salts ; and he says 100 grms. of water at 17° 
dissolve 2*747 grms. of the salt, and at 1(H)', 33*3 grms. E. H. Ducloux recom- 
mended ctositim chloride as a mieroehemical test for thallium. C. Sandonnini and 
P. C. Aureggi found that binary mixtures of silver and thallous chlorides form a 
compound AgoTlaClg, silver pentachlorotrith&llate, which decomposes Oil melting, 
and is revealed by an arrest at 252 \ There is a eutectic at 210° with 41 molar 
per cent, of thallous chloride. 

,T. Gewecke prepared double salts of many of the bivalent metal chlorides of 
the type MCI2.2TICI3.GH0O, by allowing a soln. of the component salts in water 
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acidified with hydrochloric acid to evaporate in vacuo over sulphuric acid. For 
example, hexahydrated calcium octochlorodithallate, CaCL,2TlCl 3 .5HoO, forms 
large, colourless, transparent crystals ; hexahydrated strontium octochlorodithallate, 

8rCL.2TlCl 3 .6H 2 0, was also prepared ; the corresponding hexahydrated barium 
octochlorodithallate could not be obtained in the pure state, since the neodle-hke 
crystals were so hygroscopic they could not be analyzed. (L Neumann prepared 
thin rhombic plates of beryllium dodecachlorodithailate, 3BeCL.2TlCl 3 , a method 
similar to that he used for the potassium salt. The crystals are dissolved by water, 
but are simultaneouslv decomposed ; and they are not stable in air. .1. (Jewecke 
obtained transparent, colourless, hygroscopic crystals of hexahydrated magnesium 
octochlorodithallate, MgCL2TlCl 3 .f>Jl 2 0 ; colourless prisms of hexahydrated 
zinc octochlorodithallate, ZnCL 2TlCl 3 .f>Ilo() ; and large pale blue crystals of 
hexahydrated cupric octochlorodithallate, CuCL^TUIj.GHoO, from neutral mj. 
soln. .1. E. Willm also prepared green matte crystals of cupric octochlorodithallate, 
CuCL 2T1C1 3 . l)v evaporating mixed soln. of the component salts. 

Colourless, hygroscopic, needle-like crystals of trihydrated thallic fluodichloride, 
TlFCL.dlLO. were made by J. (Jewecke by the action of chlorine upon a soln. 
of 30 grms. of t bullous fluoride in 120 c c. of 10 per cent, hydrofluoric acid, at 30 
to 10 , until tin* white precipitate first formed is redissolved. Without stopjung 
the current of chlorine, the .soln is evaporated at as low a temp, as possible. 
The crystals an* pressed between filter-paper and dried for two hours in a desiccator 
over piiosphoius pentoxide ami potassium hydroxide. The salt becomes anhydrous 
thallic fluodichloride, T1K( 'L, if it be allowed to stand some time in a desiccator over 
phosphorus pentoxide and potassium hydroxide. The salt is very hygroscopic, 
and is rapidly decomposed by moist air ; it is soluble in absolute alcohol, forming 
a pale yellow soln. ; aqueous alcohol gives a deep yellow soln. and soon deposits 
thallic hydroxide. Thoroughly dried ammonia is absorbed by anhydrous ami dry 
thallic Huochloride, cooled by a freezing mixture, forming white thallic tetrammi- 
nofluodichloride, TIKCL 4NH 3 It is immediately decomposed by water. Thallic 
Huochloride forms white needles of a double wait with pyridine, T1FCI 2 -Ujil^N. 
.1 (Jewecke also prepared colourless crystals of potassium difluopentachloro- 
dithallate, KCl 2T1KCL, or KTLRL'lr,, by evaporating a mixed soln. of 4 grins, of 
potassium chloride and 21 grins, of thallic Huoehloride in dilute liydrolluoric acid, 
recrystalli/.ing from dil. hydrofluorie acid, and drying the product in a desiccator. 

in 18H3, W. Crookes and A ll Church reported the formation of thallium sesqui- 
chloride, TLCI. }1 thallosic chloride, or thallous chlorothallate, 3T]C1.T1C1 3 , by the 
e\ aporation of a .soln. of thallous chloride in aqua regia until the evolution of chlorine 
has ceased A Lamy 9 used metallic thallium in place of thallous chloride — tin* 
product can be reerystallized from water acidified with nitric or hydrochloric acid, 
(i. Wert her says that the product of this reaction has not a constant composition 
since his analyses gave numbers ranging from T1 : Cl 2 : 3 to nearly 1 : 3. A . Lamy 
also prepared this compound by the action of chlorine on heated thallium. r l hallnus 
chloride is scarcely attacked by dry liquid chlorine at - 15', and no method of 
< hlorinating dry thallous chloride to thallium sesquichloride is known which docs 
not at the same time form still higher chlorides. Caseous chlorine converts dry 
thallous chloride into TLCl ;} , TI 2 Cl 4 ,and TLCl,. According to 1L .1. Meyer, there 
is a continuous series of mixtures of thallous and thallic chlorides. f i he so-called 
compound TLCI ;1 — that is, 3T1C1.T1(1 ;J - corresponds with a sat. soln. of thallous 
chloride in thallic chloride because no complex with a higher proportion of thallous 
chloride has been prepared. The colour of the complex deepens with increasing 
proportions of thallous chloride, and the solubility also decreases in the same 
proportion. A. 8. Cushman passed chlorine into water with thallous chloride in 
suspension until the latter has all acquired a lemon-yellow colour. If the current 
of chlorine be continued, the yellow' colour disappears and soluble thallic chloride 
is formed. According to A. 8. Cushman, the low solubility of thallium sesquichloride 
in cold water enables a definite stage in the chlorination to be reached before 
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the thallium trichloride is formed. Although G. Neumann has stated tliai tj,, 
dichloride, as well as the sesquichloride, is formed in the action of chlorine ,/ 
thallous chloride suspended in water, J. E. Willm, A. Lamy, and A. S. Cushman 
never succeeded in preparing thallium dichloride in the presence of water. Analyses 
of the yellow products agree closely with the theoretical values for the sesquichloride. 
G. Neumann prepared thallium sesquichloride by dissolving thallium sesquioxidc m 
hydrochloric acid; R. J. Meyer, by reducing thallic chloride by oxalic acid or 
hydrogen peroxide ; and J. E. Willm, by precipitating a mixture of thallous and 
thallic chlorides with hydrogen chloride. According to R. J. Meyer, the best way of 
making TJ/'l a — that is, 3TI(LT1C1 3 — is to saturate with freshly precipitated thallous 
chloride a boiling soln. of thallic chloride in dil. nitric acid. The required salt 
separates out on cooling. 

On cooling a soln. in hot water, thallium sesquichloride crystallizes in yellow 
six-sided plates— W. Crookes and A. H. Church compared the colour with that of 
lead iodide. The crystals arc stable in air ; and, according to A. Lamy, the salt 
melts between 400° and 5(X)° to a dark brown liquid which contracts during solidifica- 
tion, forming a yellowish-brown solid of sp. gr. 5'9. The solubility in water is low ; 
the data are somewhat divergent; according to W. Crookes, 100 grms. of water 
at 15" dissolve 0'2fi grm. of the salt. According to M. Hebberling, 0’29 gun. at 17° ; 
according to R. Abegg and J. F. Spencer, 0 00333 mols or 0343 grm. at 25° ; 
according to A. Lamy, 4 to 5 grms. at 100°; and, according to W. Crookes, 3 9 
grms. of salt at the same temp. The aq. soln. is colourless ; according to A. Lamy, 
there is a small decomposition of the salt in aq. soln., and this is prevented by a few 
drops of hydrochloric or nitric acid ; and R. J. Meyer showed that by recrystalliza- 
tion from dil. soln. a mixture of TLC1 3 and T1C1 first forms, succeeding fractions are 
paler and richer in chlorine, until finally thallic chloride remains in soln. M. llcbber- 
ling emphasized the fact that aq. soln. give reactions characteristic of both thallic 
and thallous salts. W. Crookes and A. If. Church found that when exposed to dry 
ammonia, the colour is deepened, and when heated, ammonium chloride and nitrogen 
are evolved while thallous chloride remains : 6Tl 2 Cl 3 -f 8NH 3 -12TlCl-f ONH^CI-j-N.^. 
The aq. soln. gives with alkali hydroxides a precipitate of thallic hydroxide, whde 
potassium and thallous chlorides remain in soln. A. 8. Cushman states that the 
prolonged action of chlorine in the presence of water converts the salt into thallous 
chloride, and J. F. Spencer and R. Abegg explain this by the small dissociation press, 
of chlorine in the complex 3T1C1.TIC1 ;J . 

According to A. Lamy, when thallium or thallous chloride is heated in a slow* 
current of chlorine, so long as the product remains liquid, a yellowish-grey liquid 
is obtained which solidities to a crystalline mass with about 20' 15 per cent, of chlorine 
and 73-S5 per cent, of thallium- approximately T1 : Cl- 1 : 2- thallium dichloride, 
TICL, or TLCl.j. According to V. Thomas, this product represents the highest stage 
in the chlorination of thallous chloride by chlorine in the presence of methyl chloride, 
or carbon tetrachloride. If chloroform be used there is a slight decomposition of 
the solvent and a little carbon tetrachloride is formed. (L Neumann claims to 
have made it by dissolving thallium sesquioxide in hydrochloric acid. Thallium 
dichloride is a pale yellow deliquescent solid which is more fusible than the sesqui- 
chloride, and which is transformed into the sesquichloride when heated. It is 
decomposed by water into thallic chloride and thallium sesquichloride. J. J. Sud- 
borough prepared a double compound with nitrosyl chloride— T1C1.T1(.’I 3 .2N0C1 — 
and V. (hittica and co-workers, thallosic trinitrosyl chloride, TILLING Cl. 

R. J. Meyer regards thallium dichloride as a solid soln. of thallous in thallic 
chloride. In 18G5, J. E. Willm summed up reasons for believing that the inter- 
mediate chlorides of the types T1C1 2 and TLC1 3 respectively called the tetra- and 
sesqui-chlorides should be regarded as double salts and formulated TIOhj.TICI, and 
TICI.J.3T1C1, because (i) they resemble in their general behaviour well-defined double 
salts of the types TlCljA’iiCl ; T1C1 3 .3KC1 ; T1C1 3 .3NH 4 C1 ; etc. ; (ii) they can be. 
made by mixing the thallic and thallous halides in the proper proportions ; (iii) no 
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oxides are known corresponding with these intermediate halides ; and (iv) if the 
intermediate halides are treated with alkali they form the alkali halide and pre- 
cipitate* insoluble thallic and thallous oxides. G. Neumann also favours this hypo- 
thesis. The double salts which thallium can form with itself can be represented, 
according to G. W. Blomstrand s views : 

-Cl Cl - Cl — T1 

Tl Cl Tl Cl Cl — T1 

Cl-Cl -Tl ' Cl— Cl — Tl 

but this does not show why no pentahalide of thallium has been observed — 
T1CI, { .2T1C1 should be as capable of existing as T1C1 3 .T1CI and TICI3.3TKI. According 
to A. Werner, there is a dominant thallium atom of the centre of an octahedron as 
indicated in the appended diagram Fig. 16, A ; and in the cases of the so-called 
sestpiiehloride, and of the tetra-salt the dominant thallium atom is at the 
centre of a tetrahedron. Fig. 17, H ; or the configuration of the molecule, is in 
a plane, and one axis is unsat united -Fig. 18, (’. In symbols [T1C1 6 ]TI 3 ' and 



Kins. 10-18. —A. Werner's Nuclei for IT1C1 # ]T1 3 ' ami lTlCl,pT. 


[ T1U1 4 JTl* respectively. This view makes thallium sesquiehloride to be thallous 

hexachlorothallate, r Fl t TK’! 0 ; and thallium dichloride to be thallous tetrachloro- 
thallate, T1TR1 4 . . 
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§ 9. The Thallium Bromides 

A. Gamy 1 found that bromine unites directly with thallium less energetically 
than is the case with chlorine. The attack is appreciable at ordinary tempera- 
tures only after many weeks. According to J. Nickl&s, the reaction proceeds 
more quickly in the presence of water or alcohol. Thallium forms the bromides 
TIBr, and TlBr 3 , with the intermediate bromides Tl 2 Br 3 and Tl 2 Br 4 , as well as a 
number of chlorobromides. 

Thallous bromide, TIBr, is prepared by methods analogous to those employed 
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in preparing thallous chloride— e.g. J. E. Willm made it by precipitation from a 
thallous salt by means of potassium bromide; and ,). Nickles, bv the action of 
sulphur dioxide on the compound of tliallic brnmule with ether. The precipitated 
salt is white and curdv ; the salt can also be obtained in pale yellow cubic crystals 
from hot soln. R. Lorenz and W. Eitel did not succeed in making optically 
clear crystals. W. Blitz represented the lattice energy of thallous bromide by 
185 Cals, per mol. F. W. Clarke gives tin 1 sp. gr. of the precipitated salt as 7 '540 
at '21 7\ and after fusion, 7*557 at 17 5 . F. A. Henglein found that the mol. vols. 
of thallous, cuprous, and silver bromides give a straight line when plotted against 
numbers corresponding with anions or cations. T \V. Richards and (». Jones 
give the coetT. of compressibility as 5 2 s * 10“° per atm. T. Curnellev says the salt 
melts below a red heat between 158 and 463 , K. Monkemey«-r gives 450°; and 
H. von Wartenberg and 0. Bosse, 450 \ According to E. Carstanjon, thallous 
bromide forms a dark yellow liquid which solidities to a pale yellow solid resembling 
fused thallous chloride. 11. Stolzenberg and M. E. Iluth gi\e 111° for the m.p. 
of the iodide, and sav that when the molten salt cools the liquid is anisotropic. 
C. Tubandt and E Lorenz showed the phenomenon is due to the use of a badly 
purified salt. According to K. Monkemeyer, fused mixtures of thallous chloride 
(melting at 420 ) and thallous bromide (melting at 450' ) give a continuous series 
of mixed crystals with a minimum at 113 corresponding with titl molar per cent, 
of thallous chloride II. von Wartenberg and O. Bosse found tin* vap, press. . yi, 
to be 7(18 mm. at 034" ; 18(rS mm. at (>i*5 1 ; 35)0*7 mm. at 757 ; 505*51 mm at. 
7‘Jl ; 775 0 mm at 817 ; and at the absolute temp. T, log p 25161/ i*f>71 T 
)5 dot). The bp. is 815". (1. i). Boos gave 127 cals, per gram for tin* heat 
of fusion. The heat of formation, according to J. Thomsen, is T1 | Br TIBr \ 415 
Cals., and M. de K. Thompson calculates, from the solubility, the heat of formation 
5 ( .) 7 Cals. T101I lU , | HBr a(1 . -27 51 Cals.; and TLO f 21 1 Br 2TlBr | ILO 1 1)1-82 
Cals. J. 0 Perrme observed no fluorescence with thallous bromide in X-rays. 
F. Kohlrausch gives the electrical conductivity of a soln. sat. at. 18° as 
lt)2*2<) -(J reciprocal ohms per cm. cube J. C. (ihosh found tin* sp. conductivity 
to be (HHXXM at 523' K. ; 0<XX>55 at 023' K ; (MX)IOO at 073 ' K. ; and (HX)47() 
at 720 1 K. A. Remath found the bromide is not affected by exposure to light. 
W. W. Coblentz and J. F. Eekford measured the photoelectric sensitivity of 
thallous bromide. (1. von Hevesy found the ratio of the conductivities of thailous 
bromide above and below the m j). is 130, and the gain of energy in rendering (hi! 
ions of the crystal neutral is 73 cals. ?Wc the chloride. The chemical reactions 
resemble those of the chloride. 

According to F. Kohlrausch, a litre of water at. 18' dissolves 1*414 milligram oq., 
or O' 420 grm. of thallous bromide; W. Bbttger gives at 20°, ()(K)104 mols ; and 
W. Biltz, 0 0013 between 16" and 18 ’. The solubility in l(X> grins, of water is there- 
fore 0 042 grm. at 18 0 048 grm. at 20°, 0057 grm. at 25", and 0*247 grm at 08*5". 
J. Thomsen gives for the heat of soln. in water 13*75 (Jala. A. A. Noyes studied 
the effect of thallous nitrate on the solubility of the bromide. A. Naumann savs 
thallous bromide is insoluble in acetone, and A. Naumann and J. Nchrodcr, in- 
soluble in pyridine. For thallous triamminobromide, TlBr.3NH ;J , ndn the corre- 
sponding chloride. W. Biltz found the vap. press, at - 50 J to be 287 (307) mm., 
and at -50°, 160 (165) mm., where the numbers in brackets refer to the vap press, 
of liquid ammonia at the given temp. The salt dissociates at 66° under 1(K) 
atm. press., and its heat of fonnation is 71 Cals, per mol of ammonia. (». L. (.lark 
made some observations on this subject. J. Barlot and J. lYrnot made mercuric 
thallous bromide, HgBr 2 .TlBr, in long matted needles. 

J. Nickl£s stirred up thallous bromide with water to form a slurry and passed 
bromine through the warm liquid. The thallous bromide gradually dissolved 
furnishing a liquid which in vacuo formed a felted mass of deliquescent, needle-like 
crystals -tetrahydrated tliallic bromide, TlBr 3 .4II 2 0— which contained some 
thallous bromide. While the soln. was found to be fairly stable, the crystals 
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readily decompose. V. Thomas evaporated the soln. obtained by passing bromine 
through water with thalhms bromide in suspension, at 30° to 40°, but not higher, 
until the soln. crystallizes on cooling. The soln. is very liable to undercooling, and 
a jet of carbon dioxide from a bomb will cool the liquid and start crystallization. 
If the warm soln. be cone, too far, it will decompose, giving off bromine. The 
long, pale yellow, needle-like crystals obtained by this process are likewise tetra- 
hydrated thallic bromide. The crystals melt at 40°, and they lose water and bromine 
when dried in vacuo. It has not yet been possible to prepare anhydrous thallium 
tribromide, or thallic bromide , TlBr ;{ , because when dehydration is attempted in vacuo, 
bromine and thallium dibromide are produced ; the same result was obtained by 
V. Thomas in the attempt to dehydrate the tetrahydrated salt in a current of air 
at 30°, and byJ. Nickles, by confining the soln. over sulphuric acid in a desiccator 
—bromine was given off and Tl 2 Br 4 was formed. According to V. Thomas, the 
heat of formation of the tribromide in aq. soln. is T1 -}- 3Bri Iaual 4* A q. TlBr aa<1 -f 56‘8 
Cals. ; the heat of formation of the tetrahydrated bromide is TlBr]i q ,,ia-] 4H 2 0|i yll j t i 
-f2Brn, ln |,i TlBr :t .4lLO 1-590 Cals. ; and the heat of soln. of tetrahydrated thallic 
bromide is — 2*45 Cals. 

R. .1. Meyer reported the formation of yellow hair-like crystals of monohydrated 
thallic bromide, TIBr ;} .lL0, by evaporating in vacuo the soln. obtained by shaking 
thallous bromide in the cold with bromine water. The crystals are said to be very 
unstable, and soluble, in water, alcohol, and ether. J. E. Willrn prepared thallic 
triamminobromide, TlBr ;J .3Nlf 3 ,by mixing a cone, alcoholic soln. of thallic bromide 
with alcoholic ammonia. The resulting white precipitate is washed with alcohol, 
and dried. The colour soon becomes yellow owing to the partial decomposition of 
the salt. The compound is decomposed by water with the separation of a black 
oxide. When heated to 100°, it forms a dark yellow sticky mass, and loses ammonia 
and bromine to form thallous bromide, -f. Nieklhs prepared a compound of thallic 
bromide with ether, TlBr 3 .3(C 2 Il r , ).»(). 

R. J. Meyer found that when a soln. of thallic bromide in hydrobromic acid is 
evaporated, a non-crystallizable syrup is produced, but solid hydrotetrabrowothalhc 
acid , HTIBr 4 .3H 2 () or TlBr 3 .HBr.3II 2 0, analogous with the corresponding hydro- 
tetrachlorothallic acid, has not been obtained. A similar soln. was made by 
the action of hydrobromic acid on hydrotctrachlorothallic acid- possibly 
TlOl3.HBr.3iLO is first formed, and this reacts with more hydrobromic acid to form 
hydrotetrabromotballic acid. J. Nickles prepared ammonium tetrabromo- 
thallate, NH4TI Br 4 .2(4 or 5)H 2 0, by the action of bromine on thallous and ammonium 
bromides, or of ammonium bromide on an ethereal soln. of thallic bromide. The 
former process furnishes needle-like, and the latter plate-like, crystals. The needle- 
like crystals lose 12 3 per cent, of water at 100° ; and bot h forms melt in their water 
of crystallization. J, E. Willrn made needle-like crystals by saturating with ammonia 
a soln. of bromine and thallium bromide suspended in alcohol. His analysis in- 
dicated that the solid contained 5ILO ; J. Nickles’ analyses indicated 4ILO, and 
2ILO. The crystals lose all their water in vacuo. 

J. Nicklhs made the dihydrated potassium tetrabromothallate, KBr.TlBr 3 .2H 2 0, 
or KTlBr 4 .2H 2 0, isomorphous with the ammonium salt by a similar process. 
R. J. Meyer made it by evaporating in vacuo a soln. of equi-molar parts of thallic 
aud potassium bromides. The large rhombic plates are stable in air, and, according 
to R. 0. Wallace, the crystals arc cubes and octahedra belonging to the cubic system. 
According to J. Nicklhs, the salt begins to melt at 100°, and, according to R. J. Meyer, 
the salt cannot be dehydrated without losing bromine — the loss of bromine occurs 
by exposure to air, for the crystals become covered with a crust of pale yellow 
thallous bromide. 0. F. Rammelsberg reported yellow cubic crystals of trihydr&ted 
potassium enneabromodithall&te, 3KBr.2TlBr 3 .3H 2 0, or K 3 Tl 2 Br9.3H 2 0, but while 
R. J. Meyer cast doubts on the existence of this salt, the anhydrous chlorides and 
bromides of caesium have been made independently by J. H. Pratt. Pale yellow 
cubic crystals of monohydrated rubidium tetrabromothallate, RbBr.TlBr 3 .H 2 0, 
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were made by J. H. Pratt by crystallization from a soln. containing 3 to 24 grins, 
of rubidium bromide, and 40 grins, of thallic bromide. The salt cannot be recrystal- 
lized from water without change. J. H. Pratt also made golden-yellow tetragonal 
crystals of monohydr&ted rubidium hexabromothallate, 3RbBr.TlBr 3 .H 2 (), from 
soln. containing 1*5 to 24 grins, of thallic bromide and 50 grins, of rubidium 
bromide. The axial ratios are a : c 1 : 0*8073. The crystals are feebly double 
refracting. The salt is sparingly soluble in water, and passes into RbTlBr 4 .lI 2 0 
when the attempt is made to recrystallize it from water. J. H. Pratt 
made pale yellow cubes of caesium tetrabromothallate, UsTlBr 4 , or (VBr.TlBr 3 , by 
mixing soln. containing 40 grins, of thallic bromide with 2 to 10 grins, of ciesium 
bromide. By recrystallization from water, he obtained yellowish-red crystals of 
caesium eimeabromodithall&te, 3UsBr.2TlBr ;1 : and the same salt again from a mix- 
ture of 1-15 grins, of thallic bromide and 50 grins, of ciesium bromide. It can be 
recrystallized from water. 

J. fieweeke prepared sulphur-yellow plates of thallic fluorodibromide, TIKBr 2 , 
by dropping bromine into a soln. of 30 grins, of thallous fluoride in 120 e.r. of 
40 per cent, hydrofluoric acid between 30" and 10 ; until the yellowish-white pre- 
cipitate first formed has redissolvcd ; and evaporating the soln. between 30' and 40 . 
The crystals are more stable than thallic bromide; they are soluble in absolute 
alcohol; decomposed by water; and form a yellowish-white powder of thallic 
tetramminofluodibromide, TIKBr., 1NI1 3 , by a process analogous to that employed 
for thallic tetramminofluorodichlorule. Tins compound is decomposed by water, 
and is slightly soluble in absolute alcohol. 

V. Thomas prepared tetrahydrated thallic bromodi chloride, TIBrUL.411.,0, 
by the action of chlorine on thallous bromide m the presence of a little water. The 
compound is very unstable, and it is decomposed by water and bv beat. V. Thomas 
also prepared tetrahydrated thallium dibromochloride, TIBr 2 U1.4H 2 (), by the 
action of a small excess of bromine on thallous chloride in the presence of cold water. 
The soln on evaporation furnishes pale yellow needles which have properties 
recalling those of a mixture of the hydrates of thallic bromide and chloride. In 
vacuo, the crystals lose chlorine, bromine, and water: fi(Tl('lBr 2 1lf 2 0) 
-2Tl : j(’LBr l \ 2U1 2 0 j j 2Br>. They melt at Ilf, the temp, at which decom- 
position begins. It is not certain if these two compounds are chemical individuals 
or mixtures of T1('I ;} .41M) and TIBiyllLO. 

V. Thomas found that thallic chloride at alow temp, absorbs hydrogen bromide, 
forming presumably hydrobromodichlorothalhc acid, Tl('l ;J .HBr, or 1ITIBH T a ; 
thallic bromide under similar conditions absorbs hydrogen chloride, forming pre- 
sumably hydrotribromochlorot bailie acid, TIBr v lICl or liTl(’lBr 3 . In an analogous 
manner, the thallic hromochlorides absorb hydrogen chloride or bromide forming 
presumably the four compounds : TIULBr.UUl ; Tl(’lBr 2 .ll('l ; Tl('l 2 Br.HBr ; and 
Tl('lBr 2 .HBr. All tliese products are very soluble in water and are so unstable that 
they have not been isolated in the solid state. 

The action of bromine on thallous bromide closely resembles that of chlorine 
on thallous chloride, a mixture of thallium sesqui- and di- bromides is formed. 
These two compounds were first prepared by J. K. Willm. 2 According to A. S. ( •ush- 
man's modification of J. E. Willm’s process, thallous bromide is suspended in a 
very little water and treated with bromine, a yellow compound is formed which 
dissolves on heating, and crystallizes on cooling in minute yellow needles which under 
the microscope appear as elongated square prisms of thallium dthiomidc , TlBr 2 , 
or Tl 2 Br 4 ; if the soln. be cooled slowly the crystals are orange-red instead of red, 
and they are contaminated with a little bromine, but, added V. Thomas, never 
more than corresponds with the formula Tl 2 Br 3 . When the crystals of thallium 
dibromide are dissolved in water and recrystallized, dark red hexagonal plates of 
thallium sesquibromide, TI 2 Br 3 , or thallosic bromide, 3Tl 2 Br.TIBr 3 , are produced. 
The reaction in the presence of water is symbolized : 3TlBr 2 Tl 2 Br 3 -| TlBr 3 . In 
order to prepare the sesquibromide, V. Thomas moistened 4 to 5 grins, of thallous 
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bromide with a few c.c. of water, and agitated the product with 0'5 c.c. of bromine. 
The mixture was boiled with 50 c.c. of water, and after filtering off the undis- 
solved thallous bromide, the soln. was cooled as rapidly as possible by immersing 
the containing flask in a freezing mixture when red crystals separated out. 
J. E. Willm precipitated thallium sesquibromide by adding potassium bromide to a 
mixed soln. of eq. amounts of thallous and thallic bromides ; and he also agitated 
a soln. of thallic bromide with an eq. amount of thallous bromide. According to 
R. J. Meyer, the crystals of thallium sesquibromide are more easily decomposed 
by water than those of the corresponding chloride, and hence J. E. Willm washed 
them with dilute alcohol. When heated in the absence of air, J. E. Willm found 
the crystals become yellow, then brown, and finally melt with the evolution of 
bromine, and the formation of a sublimate which is brown when hot and yellow 
when cold. According to V. Thomas, thallium sesquibromide forms mixed crystals 
with thallous bromide which are orange-red or orange-yellow. 

Just as the treatment of thallous chloride with thallic chloride leads to the forma- 
tion of thallium sesquichloride, T1 2 C1 3 , or thallous hexachlorothallate, T1C1 3 .3T1C1, 
or Tl 3 'Tr"Cl 6 , so does it appear possible that the treatment of thallous bromide 
with thallic chloride would lead to the formation of TlCl 3 .3TlBr, while the treatment 
of thallous chloride with thallic bromide would lead to the formation of TlBr 3 .3TlCl. 
The thallium chlorobromides have been principally studied by C. Wiegand (1899), 
A. S. Cushman (1900), R. J. Moyer (1900), and by V. Thomas (1900-7). Bromine 
acts on cold thallous chloride in contact with cold water, forming a yellow powder 
with a composition varying between T1C1 and Tl 4 Cl 3 Br 3 , dependent upon the pro- 
portion of bromine employed. A. S. Cushman prepared thallous dibromotetra- 
chlorothallate, Tl 3 'Tl'"Br 2 Cl 4 , or TlClBr 2 .3TlCl, belonging to the type Tl 3 [TlCl e ], 
by shaking thallous chloride with bromine in the presence of water until the white 
colour of the thallous salt had changed to orange-yellow ; this product was washed 
by decantation with cold water, and finally dissolved in boiling water acidified with 
nitric acid ; on cooling, dark orange hexagonal plates appeared which when purified 
by two crystallizations, washing, and drying gave analytical numbers in agreement 
with the indicated formula. V. Thomas employed a similar process for Tl 4 Cl 4 Br 2 , 
and by varying the proportions of bromine up to one gram-atom, he obtained pro- 
ducts varying in composition from T1C1 to Tl 4 Cl 3 Br 3 . R. J. Meyer made thallium 
dibromotetrachlorothallate by dissolving thallous bromide in a hot soln. of thallic 
chloride, and cooling ; and also by boiling the compound Tl 4 Br 4 01 2 with water. 

A. S. Cushman prepared what is possibly an isomeric form of this compound 
and of a citron-yellow colour, by treating thallous chloride with the mother-liquid 
from which the complex salt was obtained, and recrystallizing from nitric acid. 
The physical characters of the possible isomers are very much alike, and the differ- 
ence in colour may really have nothing at all to do with isomerism, but rather be 
an effect of crystal aggregation and impurities. According to C. W. Blomstrand’s, 
and S. M. Jorgensen's hypotheses, these compounds may be: 

/Br— Cl— T1 /Ci^Br-Tl 

Tlr Br-Cl-Tl Tl(cl-Br-Tl 

X CUCI-T1 X C1— Cl— T1 


or, according to A. Werner’s hypothesis : 
Cl 




Cl 


Cl 



XC1 

Nci 


Cl 


C. Wiegand and R. J. Meyer reported a compound of the composition Tl 0 Cl 6 Br 2 , 
but A. S. Cushman regarded this product as a mixture of T^Cl^Brg with thallous 
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chloride. A. S. Cushman also considers C. Wiegand'and R. J. Meyer s 
to be Tl 4 Cl 3 Br 3 . Working by analogous methods it should be possible to prepare 
the following series of chlorobromides of the type T^Clg : (i) T^Cl^Br ; 
(ii) Tl 4 Cl 4 Br 2 ; (iii) Tl 4 01 3 Br 3 ; (iv) Tl 4 Cl 2 Br 4 ; (v) Tl 4 ClBr 6 . Of these, only the 
second, third, and fourth have been reported. 

A. S. Cushman found that when thallous bromide, suspended in hot water, is 
treated with a dil. soln. of thallic chloride, an orange-coloured substance is formed 
which can be dissolved by boiling. Orange-coloured hexagonal plates of thallous 
tribromotrichlorothallate, or TlCl 3 .3TlBr, are deposited on cooling the soln. On the 
other hand, when thallous chloride is suspended in a considerable proportion of hot 
water, and treated with a soln. of thallic bromide, a dark blood-red compound is 
formed which dissolves on boiling, and, on rapid cooling, crystallizes out in blood- 
red hexagonal crystals of thallous tribromotrichlorothallate, TlBr 3 .3TlCl, pre- 
sumably an isomeric form of the orange-coloured Tl(\3TlBr. According to 
C. W. Blomstrand’s, and S. M. Jorgensen's hypotheses of the tervalency of the 
halides, these possibly isomeric products are formulated : 


CT— Br — T1 
Ti; Cl=Br-Tl 
CUBr-Tl 

Orarmo TI0l 3 .3TIBr. 

According to A. Werner's hypothesis : 


/Br— t'l -Tl 
Tl x Br=Cl— Tl 
v BrCl— Tl 
Ikd TI»r,.3TIUl. 



Flos. 19- 20.-— Werner’s Models for [TlCljBrj]Tl 3 '. 


The orange-coloured salt is stable, the red-coloured salt unstable ; if orange 
TlCl 3 .3TlBr be treated with an excess of thallic chloride, lemon yellow T1C1 3 .3T1C1 is 
gradually formed ; while the orange salt is transposed into the red variety by 
treatment with a cone. soln. of thallic bromide : TTCl 3 .3 r JTBr-|-3TlBr 3 
— TiBr 3 .3TlCl-f3TlBr 3 . A. S. Cushman adds that the electrical conductivities of 
these salts show that the salt TlBr 3 .3TlCl dissociates on soln. into thallic bromide 
and thallous chloride; and when the soln. is cooled, the particular salt which 
separates depends on the temp, and solubility of the products of the thallous salt 
and the double salts respectively. If thallic bromide and thallous chloride exist in 
soln. and are in turn ionized, it is difficult to see why both isomers on rccrystallization 
retain their characteristic individuality instead of at least in part, passing into one 
another. By varying the cone, of the soln., A. S. Cushman found it possible to 
prepare yellow needles of TlBr 3 .TlCl, or hexagonal crystals of red TlBr 3 .3TlCl, or 
orange TlCl 3 .3TlBr. 

R. J. Meyer could not prepare a salt by dissolving thallous bromide in a soln. 
of thallic chloride, but he did obtain the red salt by the action of chlorine on thallous 
bromide suspended in water, and recrvstallizing the product from hot water. 
V. Thomas also treated 9*6 grms. of thallous chloride, suspended in 50-100 c.c. of 
water, with 2 grms. of bromine, and obtained a yellow precipitate ; he made the 
soln. up to a litre with water, and boiled the mixture till all excepting a few brown 
flecks of thallic oxide, the result of hydrolysis, was dissolved. On cooling the 
filtered soln., about i grms. of hexagonal plates of Tl 4 Cl 3 Br 3 separated out between 
40° and 33°. The mother-liquid was cone, by evaporation, when a mixture of 
hexagonal plates and yellow needles separated out — the yellow needles contain 
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more chlorine than bromine. Both kinds of crystals when heated become orange- 
coloured and then blood-red ; the original colour is restored on cooling ; both forms 
melt at 240°. According to A. S. Cushman, if the crystals of the orange and yellow 
forms of the thallous tribromotrichlorothallates be sealed up in glass tubes separately, 
under their own mother liquids, and gradually heated, at about 100°, the colour 
changes, and as the temp, rises still higher white precipitates resembling thallous 
halides gradually appear. On cooling, the double salts reform in well-defined 
crystals without any sign of the white thallous salts. The double salts do not 
exist in soln. above certain temp., for the state of equilibrium is quite different at 
higher temp, from what it is at the lower temp. This does not invalidate 
A. Werner’s theory, for the fact that ammonium chloride dissociates into NH a 
and HC1 above a certain temp, does not affect belief in the existence of the complex 
[NH 4 ]C1 at lower temp. 

R. J. Moyer sat. a boiling soln. of thallic bromide with thallous chloride, and'on 
cooling the filtered soln. obtained dark red plates of tetrathallium tetrabromodi- 
chloride, Tl 4 Cl 2 Br 4 , i.e. TlBrCl 2; 3TlBr, or thallous tetrabromodichlorothallate, 
Tl 3 [TlBr 4 Cl 2 ] |; and he also obtained a dark red powder of the same composition 
by the chlorination of thallous bromide in the presence of a little water. These 
crystals are very easily decomposed by water. When recrystallized from hot 
soln., the character of the product depends on the rapidity of the cooling. Y. Thomas 
considers the existence of the compound Tl 4 Cl 2 Br 4 as doubtful. As A. S. Cushman 
has said : 

Tho ease with which tho sesquihalogen compounds of thallium undergo hydrolysis or 
decomposition, their hygroscopic nature, their mixed equilibria in relation to water of 
erystallizationand state of oxidation, and their generally complex nature, present dangerous 
pitfalls to the investigator. 

The end-product of the action of bromine on thallous bromide is thallium 
dibromide, TlBr 2 ; Y. Thomas heated these two components in a sealed tube at 
100° when tho reaction proceeds very quickly, but it occupies about 5 hrs. at 
ordinary temp. The excess of bromine can be driven off by heating tho product 
to 100°. J. E. Willm prepared thallium dibromide by the process indicated above ; 
by mixing an aq. soln. of thallic bromide with an eq. amount of thallous bromide ; 
or by partially reducing a soln. of thallic bromide. Yellow needles of the dibromide 
separate out as tho soln. cools. R. J. Meyer could not make thallium dibromide 
by J. E. Willm’s process, but he evaporated a soln. of thallous bromide in bromine- 
water in vacuo until bromine was no longer given off. J. E. Willm’s process gives 
good results for thallium dibromide, but it is best made in the dry way on account 
of the hydrolytic action of water ; it is conveniently made by the prolonged action 
of bromine on thallous bromide suspended in chloroform or carbon tetrachloride. 
Thallium dibromide forms yellow rhombic prisms which, according to R. J. Meyer, 
have a peculiar smell ; they do not lose in weight when heated to 100°. The 
salt is slightly soluble in water, and it is gradually decomposed by that menstruum, 
forming thallium tribromide and a lower bromide. V. Thomas says thallium 
dibromide is somewhat soluble in bromine. 

. > According to R. J . Meyer, if freshly precipitated thallous chloride be suspended 
in water, and heated with an excess of bromine, the salt dissolves ; and on evapora- 
tion of the soln. in vacuo, bromine is evolved and pale yellow crystals of thallium 
dibromochloride, TlClBr 2 , are formed. A little thallic oxide, the result of hydrolysis, 
also separates out. If the evaporation be continued in vacuo over sulphuric acid, 
yellow rhombic prisms of a compound of the type T1X 2 , or T1 2 X 4 , namely, trithallium 
tetrabromodichloride, Tl 3 Cl 2 Br 4 , are formed. R. J. Meyer, and C. Wiegand made 
the same compound by treating thallous chloride with a quantity of bromine 
insufficient to transform all the thallous into thallic salt, V. Thomas prepared this 
compound by frequently shaking 4*8 grins, of thallous chloride with a soln. of 2*8 
grms, of bromine in chloroform ; in about a week, the crystals are washed with 
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chloroform. The product with carbon tetrachloride as solvent is not so pure, and 
still less so with carbon disulphide ; in both cases thallium dibromide, TlBr.TlBr 3 , 
is formed. The sulphur-yellow rhombic prisms of this salt become matte on exposure 
to air ; they are rapidly decomposed by water, particularly when warm, the colour 
of the salt becomes dark yellow, and a part passes into soln. R. J. Meyer supposes 
that thallium dibromotetrachloride, T^C^Br*, is formed ; and V. Thomas represents 
the reactions by the equations : iTlsCLB^—T^ClaB^-j-STlBr-j-bTlClB^ ; and 
2 Tl 8 Cl 2 Br 4 =Tl 4 Cl 3 Br 3 +[Tl 2 ClBr 5 ] in soln. According to V. Thomas, hydro- 
chloric acid acts like water, forming a salt of the type T1 2 X 3> or T1 4 X 0 ; hydrobromic 
acid displaces part of the chlorine ; sulphuric and nitric acids decompose the 
compound, particularly if heated, liberating large proportions of the halogen ; 
and bromine dissolves the salt in the presence of a little water, forming a thallic 
salt. When heated to about 150°, this salt deepens in colour, it melts to a yellow 
liquid at about 165°, and begins to decompose at a higher temperature giving off 
bromine, and leaving behind an orange-coloured crystalline mass of a compound 
of the type T1 4 X 6 , or T1 2 X 3 . By passing bromine vapour over thallous chloride, 
or by heating bromine with thallous chloride in a sealed tube at 100°-120°, V. Thomas 
prepared a product of the T1 2 X 4 type, namely, trithallium tribromotrichloride, 
Tl 3 Cl 3 Br 3 . The salt is not very stable, and is decomposed by water to form a com- 
pound of the type T1 2 X 3 . R. J. Meyer claims to have obtained an intermediate 
product, trithallium tetrachloro-dibromide, Tl 3 Cl 4 Br 2 , by the chlorination of thallous 
bromide in the presence of a little water, and the same product was obtained by the 
action of water on bromochlorides of the type T1 2 X 4 . When this substance is 
boiled with water, it passes into TI 4 Cl 3 Br 3 . J. Kendall and co-workers made 
thallous tetrabromoaluminate, TlBr.AlBr 3 , melting at 210°; and thallous 
heptabromoaluminate, 3TlBr.2AlBr 2 , melting at 112°. 
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§ 10. Thallium Iodides 

Thallium was shown by W. Crookes 1 to unite with iodine ; it forms thallous and 
thaJlic iodides, Til and Tir 3 , and the intermediate iodides, T1 2 I 3 and TI 3 I 4 . Thallous 
iodide, Til, can be prepared by processes analogous to those employed for the 
chlorides and bromides. W. Crookes made it as a citron-yellow precipitate by adding 
potassium iodide to thallous salt soin. It exists in many differently coloured forms — 
green, yellow, and red. For example, M. Hebberling obtained the red variety by 
adding potassium iodide to a warm cone. soln. of a thallous salt, and G. Werther 
found it separated as a dark orange-yellow precipitate, from hot and cone, 
soln. ; while the colour is pale citron-yellow from cold and from dil. soln. ; and hot 
soln. of potassium acetate furnish minute orange-yellow cubes or octahedra. 
J. E. Willrn found hot soln. of potash-lye gave red crystal plates which after a time 
become yellow. Yellow thallous iodide crystallizes in the rhombic system, the red 
variety in the cubic system. F. A. Henglein found the mol. vols. of thallium, silver, 
and cuprous chlorides give a straight lino when plotted against numbers corresponding 
with anions or cations. According to M. Hebberling, the transition temp, from the 
yellow to the red variety is 190°, but this is probably too high. D. Gernez places 
it near 168° ; 11. Gossner at 150° ; and K. Monkemeyer at 174*5°. The conversion 
from one form to the other is often very slow. A hot filtered aq. soln. of thallous 
iodide deposits red crystals when rapidly cooled, but yellow crystals if slowly cooled 
in presence of the yellow form. According to C. van Eyk, the transition temp, is 
lowered by the addition of thallous nitrate. According to T. Knosel, when freshly 
precipitated yellow thallous iodide is exposed to the sun’s rays, it becomes green 
and crystalline without changing its composition ; the green form is somewhat more 
soluble in hot water than the yellow form, and it crystallizes from hot water in 
minute green crystals which have a high refractory power. The green form gradually 
changes to the yellow form, and the change is accelerated by heating it with aq. 
iodine or potassium iodide, but not by heating it with water. The green variety 
becomes red when strongly heated. According to R. E. Liesegang, of all the thallium 
compounds thallous iodide is the most sensitive to light ; and if prepared by double 
decomposition on gelatine paper, it becomes dark brown by half an hour’s exposure 
to diffuse daylight. 

According to F. W. Clarke, the sp. gr. of yellow precipitated thallous iodide is 
7 072 at 15T)°, and of red fused thallous iodide, 7*0975 at 14*7° ; A. Lamy gave for 
the latter, 7 056. W. Biltz calculated the lattice energy of thallous iodide to be 180 
Cals. The compressibility eoeff., according to T. W. Richards and G. Jones, is 
6*8 x 10“® per atm. S. Motylewsky found the weight of a drop of thallous iodide at its 
m.p. is 137 when thatof water at 0° is 100 ; the capillary constant is o , =0076ie ; and 
the sp. cohesion a 2 =- 2 a/H, where D is the sp. gr. at the m.p. According to M. Heb- 
bcrling, when thallous iodide is heated it melts to a black liquid which freezes on 
cooling to a crystalline mass which is first red and then yellow. T. Carnelley first 
gave 446° for the m.p., and later 439° ; K. Monkemeyer, 431° ; H. Stolzenberg 
and M. E. Iluth, and C. van Eyk, 422° ; and H. von Wartenberg and O. Bosse gave 
440°. H. Stolzenberg and M. E. Huth say that when the molten salt is cooled, the 
liquid becomes anisotropic ; C. Tubandt and E. Lorenz say that the phenomenon 
is duo to the use of an impure salt. W. Crookes, and G. Werther noted that when 
strongly heated, thallous iodide sublimes with partial decomposition ; A. Lamy 
and A. des Cloizeaux say that the salt is volatile at a red heat ; and T. Carnelley and 
W. C, Williams, that it boils between 800° and 806°. H. von Wartenberg and 
0. Bosse found the vap. press., p, to be 159*2 mm. at 693° ; 385 8 mm. at 763° ; 
591*4 mm. at 801° ; 748*6 mm. at 822° ; and, at the absolute temp., T log p 
== — 25168/4*5713F-f-5*021. The b.p. is 824°. K. Monkemeyer obtained unbroken 
series of mixed crystals of thallium iodide with thallium bromide. The rounded 
curve of the f.p. of mixed crystals of these two components has a minimum at 411° 
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with 42 molar per cent, of thallous bromide. With thallium chloride and iodide 
there is a V-shaped f.p. curve with the eutectic at 316° and 52 molar per cent. of # 
thallous iodide. Thallous chloride can take up only a little thallous iodide, but 
thallous iodide can take up 18 per cent, of the chloride in the form of mixed crystals. 
J. Thomsen gives for the heat of formation Tl-f-I= Til -f 30*2 Cals. ; M. de K. Thomp- 
son, 29 7 Cals. J. Thomsen gives for the heat of soln. Tll-f Aq.~ — 17 85 Cals. 
G. Jones and W. C. Schumb gave 12211 kj. for the heat of formation, U, at. 26°, 
and 125*79 kj. for the free energy of formation at 25°, and 125 48 kj. at 0°. 
A. Benrath found that the iodide is not affected by exposure to light. W, W.Coblcntz 
and J. F. Eckford measured the photoelectric sensitivity of thallous iodide. The 
specific conductivity of the sat. aq. soln. at 18° is 22 3 x 10 -6 reciprocal ohms per cm. 
cube. J. C. Ghosh found the sp. conductivity at 523° K. to be 0 0001 ; at 623° K., 

0 0010 ; at 673° K., 0 0027 ; and at 702°, 0*0048. G. von Hevesy found the ratio 
of the conductivities above and below the m.p. is 100 ; and the gain of energy in 
rendering the ions of the crystal neutral, 81 cals. — vide the chloride. G. Jones and 
W. C. Schumb measured the electrical conductivity of aq. soln. of thallous iodide. 
The reactions resemble those of the chloride. 

The solubility of thallous iodide in water has been measured for about two 
temp, by W. Crookes, G. Werther, M. Hebberling, A. Lamy, G. Jones and 
W. C. Schumb, F. Kohlrausch, and W. Bottger. The best representative values for 
the solubility, 8, at 0° in grams per 100 c.c. are : 

0° 20° 40’ (to* 80° 100° 

Solubility . . 0 002 0 000 0-015 0 035 0 070 0*120 grm. 

W. Crookes says that thallous iodide is more soluble in the presence of an excess of 
potassium iodide than in water. A. Lamy, and M. Ilebberling say it is less soluble. 
A. A. Noyes found that the solubility is depressed in the presence of thallous nitrate 
such that a soln. with 0, 4*336, 7*820, and 25*400 grins, of thallous nitrate per litre 
dissolve respectively 2*469, 1*164, 0*820, and 0*420 grms. per litre of thallous bromide 
at 25°. According to J. H. Long, 100 c.c. of 2*5 per cent, aq . ammonia dissolve 
0*0761 grm. of thallous iodide, and of 6*5 per cent, ammonia, 0*0758 grm.— for 
thallous triamminoiodide, T1I.3NH 3 , see the corresponding chloride. W. Biltz 
found the vap. press, of the triammine at —50° to be 274 (307) mm. ; at —60°, 
159 (165) mm. ; and at —79°, 38 (39) mm., when the values for liquid ammonia are 
indicated in brackets. The temp, of decomposition at 100 mm. press, is —70°, and 
the heat of formation 7 1 Cals, per mol of ammonia. G. L. Clark made some 
observations on this subject. 

E. Carstanjen says that thallous iodide is less soluble in acetic acid than in water, 
and he, M. Hebberling, G. Werther, and J. II. Long have found the solubility to be 
diminished in alcoholic soln. According to J. H. Long, 100 c.c. of 90 per cent. 
akofwl dissolve 0*00038 grm. of thallous iodide, and of 50 per cent, alcohol, 0*0027 
grm. A. Neumann reports thallous iodide to be insoluble in acetone ; A. Neumann 
and J. Schroder, insoluble in pyridine. M. Hebberling says that dil. sulphuric 
acid, hydrochloric acid, and alkali hydroxides do not decompose thallous iodide ; 
and that boiling dil. nitric acid, and the cone, cold acid, liberate iodine ; J. E. Willm, 
that chlorine water and aqua regia dissolve the salt without liberating iodine— and 
suggests that a thallic chloroiodide is formed ; G. Werther, that thallous iodide is 
completely decomposed by zinc and alkali hydroxide soln., and also by boiling soln. 
of ammonia and silver nitrate ; thallous iodide is reduced to thallium by fusion with 
potassium cyanide ; and A. Lamy and A. des Cloizeaux, that it is partially reduced 
when heated with carbon. J. Barlot and J. Pernot prepared brown elongated 
crystals of mercuric thallous iodide, TlI.HgL. 

A thallium iodide intermediate between thallium mono- and tri-iodides was 
prepared by W. Strecker, in 1865, by adding potassium iodide to an ammoniacal 
soln. of a thallic salt in tartaric acid. The black precipitate contains no free iodine or 
nitrogen iodide ; the precipitate obtained from dil. soln. occurs in minute crystalline 
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rhombic plates, and S. M. Jorgensen says that while the analyses agreed with T1 7 I Q) 
.they can be better represented by T1#I 8 or T1 3 I 4 . T. Knosel treated thallous iodide 
with iodine in aq. soln., and obtained a black precipitate which he supposed to be 
thallosic iodide, or thallium sesquiodide, T1 2 I 3 , but S. M. Jorgensen considers the 
assumption that the product is trit hftlll l im totr&iodlde, TI 3 I 4 , or TIIg.bTlI, agrees 
better with T. KnosePs analysis. S. M. Jorgensen obtained a similar product by 
warming thallous iodide with a cone. soln. of iodine in hydriodic acid, and evaporating 
to dryness at about 70° ; he prepared a less pure product by precipitation from a 
soluble thallic salt, by adding potassium iodothallate ; and by digesting thallous 
iodide with an ethereal or alcoholic soln. of iodine. According to W. Maitland and 
R. Abegg, at 25° thallous iodide is stable in soln. with less than 0*0019 grm. or 
0*76 X 10 “ 5 mol. of iodine, I 2 , per litre of water, and if this cone, be exceeded, 
thallous iodide passes into trithallium tetraiodide, T1 3 I 4 , i.e. Tlglg ; this iodide 
is stable in soln. with between 0*0019 grm. or 076 X 10 “ 5 and 0082 grm. or 3*3 X 10 ~ 4 
mol of iodide, I 2 , per litre, and with greater cone, than this, the salt is converted 
into thallium tri-iodide, T1I 3 . According to S. M. Jorgensen, trithallium tetra- 
iodide is sparingly soluble in water and organic liquids with partial decomposition; 
when trithallium tri-iodide is boiled with alcohol, it loses iodine and becomes yellow 
and the iodide is reduced to thallous iodide ; when kept over sulphuric acid in a 
desiccator at 1 10°, it behaves similarly. When warmed with zinc and dil. ammonia, 
the thallium separates out in a metallic form. 

J. Nicklfes first prepared thallic iodide or thallium tri-iodide, T1I 3 , by evaporating 
an ethereal soln. of thallous iodide and iodine. He stated that he did not obtain 


it in a pure condition because his product was always contaminated with a little 
free iodine. H. L. Wells and S. L. Penfield say that they modified J. Nicklfcs’ method 
by using alcohol as solvent, and encountered no difficulty in preparing the pure 
product. The amount of iodine used was slightly in excess of the theoretical amount, 
and tho soln., produced after a long digestion, was evaporated over sulphuric acid 
until crystallization occurred. The crystals obtained were often large, and quite 
black ; and the bright lustre was slowly lost on exposure. The crystals belong 
. to the rhombic system and are 

isomorphous with the rhombic 
' ' a lkali trihalides. The crystal 
.iflj *’ • V 5 habits are illustrated in Figs. 21 

a ii jl/ a * to 23. The axial ratios of thallic 

-JJ i. 'jj ^ iodide agree closely with those 

VVjJz Nwjjjpr of rubidium and caesium tri- 

1 * , „ . .. , . m . ... iodides. The ratios a : b : c are 

fcws. 21-23. — Habits of Crystals of Thallium ftCO , Q , t 1004 t 

Tri-iodide; 0 6858 : 1 : 1*1234 for rubidium 

tri-iodide ; 0*6824 : 1 : 1*1051 for 
caesium tri-iodide; and 0*6828 : 1 : 1*1217 for thallium tri-iodide. The small 
influence of the effect of substituting thallium for rubidium is remarkable when 
the great difference in the atomic weights of the elements is considered. 

The isomorphism between the higher iodides of thallium and the alkali metals 
led H. L. Wells and S. L. Penfield to conclude that the arrangements of the atoms 
in this series of compounds is the same, and this in spite of the apparent tervalency 
of thallium in the thallic compounds. They say that this compound is therefore 
thallous tri-iodide , Tll.Ig ; this does not mean that all thallic salts are similarly 
constituted, for thallium tri-iodide may not be a true thallic salt at all, and the 
thallic salts may possess quite a different kind of structure. H. L. Wells and 
S. L, Penfield also suggest that thallium may really belong to the alkali metal group 
in the periodic table occupying one of the vacancies between metals of at. wt. 170 
and 220 . 


W. Maitland and R. Abegg say that the thallium tri-iodide, T1I 8 , may be regarded 
as a tautomeric substance : TM^TP'Tj, since it reacts towards a soln. either as 
a compound of univalent thallium with the 3P-ions or as an iodide of tervalent 
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thallium depending on the substances with which it is brought into contact. From 
its solubility relations and the fact that a change in the composition of the solid 
substances in equilibrium with the sola, produces only a relatively small change in 
the thallous iodide cone., it follows that the solid tri-iodide is to be regarded 
as essentially a thallous compound. J. Nicklea says that thallium tri-iodide is 
sparingly soluble in ether, but W. Maitland and R. Abegg say that this is an 
erroneous observation because iodine appears in the soln. J. Nicklbs adds that 
at a red heat an orange-yellow sublimate — presumably thallous iodide— -is formed. 
H. L. Wells and S. L. Penfield obtained no evidence of the formation of thallous 
pentaiodide , analogous with the caesium pentahalides, by mixing increasing propor- 
tions of iodine with thallium tri-iodide in alcoholic soln. 

Thallium tri-iodide forms a number of double salts with the metal iodides. 
J. Nicklhs prepared red plates of ammonium tetraiodothallate, NH 4 I.T1I 3 , similar 
to the corresponding bromothallate. When treated with water, iodine separates 
from this salt ; at 100°, it blackens, and loses about 34 per cent, of iodine, leaving 
a yellow powder of presumably thallous iodide mixed with some black substance. 
J. E. Willm boiled thallous iodide with an alcoholic soln. of potassium iodide and 
iodine in the calculated proportions until all was dissolved. The cone. soln. furnishes 
large black cubic crystals of potassium tetraiodothallate, KI.T1I 3 , or KT1I 4> which 
in transmitted light appear garnet-red. According to G. S. Johnson, the salt 
prepared by J. E. Willm’s process is KI.T1I 3 .2 H.jO. The crystals are stable in dry 
air nor is any weight lost in vacuo. This salt can be recrystallizcd from alcohol ; 
it is decomposed by water with the separation of iodine. Iodine vapours are 
evolved when this salt is heated to 50°-60°, leaving a residue of potassium and 
thallous iodides ; the decomposition is complete at 100°. C. F. Rammelsberg 
reported the formation of black octahedral crystals of trihydr&ted potassium 
enneaiodothallate, 3KI.2T1I 3 .3H 2 0, from a soln. of thallous iodide in aq. 
potassium iodide. The crystals are said to be decomposed by water with the separa- 
tion of thallous iodide. G. S. Johnson could not confirm 0. F. Rammelsberg’s work 
on this salt. J. H. Pratt prepared dihydrated rubidium tetraiodothallate, 
RbI.TlI 3 .2H 2 0, or RbTlI 4 .2H 2 0, from soln. of thallic and rubidium iodides. The 
ruby-red crystals become matte on exposure to air, and are decomposed by water. 
J. H. Pratt made similar crystals of csesium tetraiodothallate, CsI.T 1I 3 , or CsT 1I 4 . 
S. M. Jorgensen sat. a soln. of thallous iodide in hydriodic acid mixed with a little 
iodine, with ammonia, and added the product to a warm dil. soln. of cupric tetram- 
mino-sulphate ; the reddish-brown needles which formed were washed rapidly with 
cold water, pressed between filter-paper, and dried in a desiccator over calcium 
chloride. The analysis of the product agrees with cupric tetrammino-octoiodo- 
thallate, CuI 2 .2T1I 3 .4NH 3 . On heating to 120°, iodine and ammonia are lost, and 
cuprous and thallous iodides remain. This compound is decomposed by a prolonged 
washing ; and it is decomposed by aq. ammonia in which it is partially soluble. 
It dissolves in alcohol. When digested with zinc and water, the metals thallium 
and copper separate out. 
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§ 11. Thallium Sulphides 

Thallium unites directly with sulphur when the two elements are fused together. 
According to H. Pelabon, 1 when fused mixtures containing more than 2 gram- 
atoms of thallium for one gram-atom of sulphur form 
two layers, the upper layer consists of thallium sul- 
phide, T1 2 S, containing 7*26 per cent, of sulphur, and 
solidifying at 448°, whilst the lower is pure thallium, 
solidifying at 302°. The portion of the m.p. curve 
corresponding with such mixtures is horizontal, Fig. 24. 
„ „ The curve for mixtures containing 7*26 per cent, to 28*2 

Percent. of sulphur p er cen fc () f aulphur corresponds with the separation 

F- 24, f~Binar tin Mixtur©8 -^8^7 » m -P* ^95°. The m.p. curve becomes again 
offlKphur LndThankm. 8 horizontal for mixtures containing a greater proportion 
of sulphur ; these, on fusion, form two layers, the lower 
consisting of the pentasulpliide, TLS 6 , m.p. 127°, and the upper of sulphur. 

According to W. Crookes, and A. Lamy, thallous sulphide, T1 2 S, is precipitated 
when hydrogen sulphide or ammonium sulphide is added to an alkaline or acetic 
acid soln. of a thallous salt ; but A. Lamy obtained a crystalline mass by melting 
the amorphous precipitate. M. Hebberling obtained crystalline thallous sulphide by 
passing hydrogen sulphide on a cold, not too dil., soln. of thallous sulphate acidified 
with only a trace of sulphuric acid. Y. Stanek also obtained crystals by heating a 
mixture of amorphous sulphide with colourless ammonium sulphide, (NH 4 ) 2 S, in a 
Bealed tube at 150°-200° ; if ammonium polysulphide is used no crystals are obtained. 
In a cold moderately cone. soln. of thallous sulphate acidified by a trace of sulphuric 
acid, E. Carstanjen obtained the crystalline sulphide by boiling an alkaline soln. of a 
thallous salt with sodium thiosulphate. 0. Brunck obtained an incomplete precipita- 
tion of the amorphous sulphide by adding sodium hyposulphite to a thallium salt 
soln. The precipitate appears first reddish-brown, then violet, and finally black. 
No precipitation occurs in the presence of many acids. E. Carstanjen obtained a 
crystalline mass by melting together eq. proportions of the two elements — t ride supra. 
W. Crookes obtained the crystalline sulphide by melting thallous sulphate with 
potassium cyanide ; K. BrUckner, by melting it with sulphur ; and W. R. Hodg- 
kinson and C. C. French, by the action of dry ammonia at a red heat. C. Winssinger 
prepared a chocolate-brown colloidal solution ol thallous sulphide by treating a very 
dil. soln. of thallous sulphate with hydrogen sulphide, and dialysing the product. 

W. Crookes, and A. Lamy found the dark brown or black precipitate flocculates 
when boiled with the mother-liquid. E. Carstanjen said the crystals are six-sided 
plates or needles ; and M. Hebberling said that the plates are tetrahedral with 
twinned forms. E . Carstanjen showed that the thallous sulphides prepared by fusing 
the two elements and by precipitation with ammonium sulphide are the same. 
A. Lamy said that the sp. gr. is about 8. According to W. Crookes, and A. Lamy, 
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when heated out of contact with air, thallous sulphide melts and volatilizes ; and 
the cold mass has a crystalline fracture. The m.p. is 448°. H. von Wartenberg and 
0. Bosse studied the volatilization of thallium sulphide. H. Pelabon found the 
partial press., p, of the hydrogen sulphide at 625°, starting with hydrogen in contact 
with a mixture of sulphur and thallium, are 190 and 99*14 cms., when the amounts 
of sulphur in at. per cent, are, respectively, 33*33 and 60*00. The intermediate 
values give a straight line. J. Thomsen gave for the heat of formation (2T1, S) 
—27*7 Cals. H. Pelabon measured the electrical conductivity of thallous sul- 
phide and found it to be influenced by the temp, and by the mode of preparation. 
0. Weigel measured the solubility of the sulphide. 

A. Laniy said that thallous sulphide oxidizes readily to the sulphate when 
exposed to air ; and, added M. Hebberling, the amorphous sulphide oxidizes more 
readily than the crystalline form. The last-named also said that when heated 
on the water-bath, thallous sulphide slowly burns. According to W. Bottger, 
thallous sulphide is very sparingly soluble in water— a litre of water at 19*9° 
dissolves 0*0215 mol. A. Classen and 0. Bauer found thallous sulphide to be 
readily oxidized and completely dissolved by an ammoniacal soln. of hydrogen 
peroxide. E. Carstanjcn stated that thallous sulphide is reduced when heated in a 
current of hydrogen. W. Crookes, and A. Lamy found thallous sulphide to bo 
virt ually insoluble in aq. soln. of ammonia, potassium cyanide, ammonium sulphide, 
and alkali hydroxides and carbonates. W. Crookes, and M. Hebberling found it 
to be sparingly soluble in an aq. soln. of oxalic acid, and in acetic acid ; W. Crookes 
found it to be sparingly soluble in hydrochloric acid, and readily soluble in nitric 
acid ; while J. E. Willm found it dissolves readily in sulphuric acid. E. Schlirmaim 
found that thallous sulphide is dissolved by soln. of salts of cobalt, nickel, and 
iron, but not by salts of manganese — manganese sulphide is converted into nitrate 
by a soln. of thallous nitrate. 

Thallous sulphide was shown by J. W. Gunning, and L. F. Hawley to form 
complexes with the sulphides of arsenic, antimony, and tin, and they are precipitated 
from soln. of the mixed salts. L. Bruner and J. Zawadsky showed that the value 
of the constant K -=[T1*] 2 [H 2 S]/[H*] 2 alters when the sulphides of other metals are 
precipitated along with thallium ; they found that copper and thallous sulphides 
form thallous pentasulphocuprate, Tl 2 8.4CuS, or 
Tl 2 Cu 2 S 6 , over the interval 20-36 molar per cent, of 
thallium sulphide. The salt forms a series of solid soln. 
which are best explained as being soln. of thallous 
trisulphocuprate, Tl 2 S.2CuS iu TUS.4CuS, and of Tl 2 8 
in Tl 2 S.2CuS. At cone, of more than 36 molar per 
cent, normal values of the equilibrium constant arc 
obtained ; there are then two solid phases, consisting 
of thallium sulphide and probably a soln. of thallium 
sulphide in the compound Tl 2 S.2CuS. H. Huber 
measured the equilibrium conditions in the system 
Ag 2 S— T1 2 S by the thermal method. The results are 
summarized in Fig. 25. There is a eutectic point at 
306° with 55 per cent, of thallous sulphide ; and with 
less than 31 per cent, of thallous sulphide there is an 
arrest in the cooling curve due to the formation of 
crystalline thallous silver sulphide, 4Ag 2 S.Tl 2 S. The break at 175° is due to the 
transformation of silver sulphide. 

A. Streckef showed that thallic sulphide, TlgSg, cannot be obtained by the action 
of hydrogen sulphide on an aq. soln. of a thallic salt, for the thallic sulphide, if 
formed, is instantly reduced to thallous sulphide and free sulphur ; but if ammoniacal 
soln. of thallic oxide in the presence of phosphoric or tartaric acid be treated with 
hydrogen sulphide, the precipitate is probably thallic sulphide. E. Carstanjen 
made thallic sulphide by melting thallium with an excess of sulphur and distilling 



Fio. 25. — Equilibrium Dia- 
gram of the Binary 
System, Ag,S— Tl^S. 
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off the free sulphur. The amorphous black mass becomes soft and plastic at 
exceeding 12°. Thallic sulphide gives off hydrogen sulphide and dissolves 
treated with dil. mineral acids ; no sulphur separates in E. Carstanjen s ^ 
cess, but , with A. Stackers process, sulphur does separate. According^ 
E . Carstanjen, no sulphide is dissolved by carbon disulphide, and it is reduced 
to the metal when heated in hydrogen. According to J. W. Gunning, the sulphide 
reported by R. Bottger to be produced by boiling flue-dust with sodium thiosulphate 
soln. is really thallium sulphoarsenide. R. Schneider prepared potassium tetra- 
sulphothallate, K 2 S.TI 2 S 8 ,ot KT1S 2 , by fusing together one part of thallous sulphate 
or chloride, 6 parts each of potassium carbonate and sulphur, and extracting the 
cold mass with water. The dark red crystalline powder has a sp. gr. 4*263-4*60. 
When heated in hydrogen, sulphur is given off and a mixture of thallous and potas- 
sium sulphides remains ; G. Kriiss and H. Solereder found thallium and potassium 
sulphides are formed. According to R. Schneider, the double sulphide is stable 
in air at ordinary temp. It melts without decomposition when heated out of 
contact with air, but if heated while exposed to air, the sulphur is oxidized. With 
hot nitric acid, sulphur separates. If the powder is treated with silver nitrate, 
somo thallium and potassium are replaced by silver. 

R. Schneider prepared thallium pentasulphide, T1 2 S 5 , by heating thallous 
sulphate with sodium thiosulphate, or sodium carbonate and sulphur. It is a 
brick-red powder which rapidly turns brown on exposure to air. The pentasulphide 
prepared by H. Pelabon— vide supra — melts at 127°. K. A. Hofmann and 
F. Hochtlen saturated a cone. aq. soln. of ammonium polysulphide with thallous 
chloride, and obtained glistening black opaque prisms of the pentasulphide by 
allowing the soln. to stand for a few days. L. F. Hawley doubts if the pentasulphide 
is a chemical individual. 

E. Carstanjen reported a number of intermediate sulphides— th&Uoslo sulphides. He 
obtained Tl a S : Tl«S a — 5 : 3 by the action of ammonium sulphide on thallosic. chloride, 
T1 4 C1 4 ; and 1 : 1 by fusing thallium with rather less than an eq. proportion of sulphur. 

R. Schneider also obtained 1 : 2 by melting one part of thallous sulphate with six parts 
each of sodium carbonate and sulphur, and extracting tho mass with water. According to 
L. F. Hawley, the highest sulphide corresponds with T1 2 S 3 , and a complete series of solid 
soln. exists between T1 2 S and T1 2 S 3 . By treating thallous sulphide with sodium sulphide 
soln. in which varying amounts of sulphur have been dissolved and afterwards saturating 
with hydrogen sulphide, products are obtained containing from 90 49 per cent, of thallium 
(corresponding with T1»S) to about 70 per cent, of thallium. By adding acid soln. of a 
thallium salt to a slight excess of sodium polysulphide, precipitates can be obtained 
containing from 26 per cent, to nearly 100 per cent, of sulphur. It is found that between 
pure thallous sulphide and the product containing about 81 per cent, of thallium, the solid 
is homogeneous ; from 81 per cent, to 70 per cent, of thallium, phases are distinguishable, 
whilst from 70 per cent, of thallium to pure sulphur the solid is again homogeneous. 
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§ 12 . Thallium Sulphates 


The early worker# on thallium — W. Crookes, 1 and A. Lamy— prepared both 
thallous and thallic sulphates. When thallium, thallous hydroxide, or carbonate 
dissolves in sulphuric acid, a soln. of thallous sulphate, T1 2 S0 4 , is formed. W. 0. Rabe 
covered the metal with water and added enough cone, acid to dissolve the metal. 
The dissolution is best conducted on a water-bath when hydrogen is rapidly evolved ; 
the attack with dil. sulphuric acid, sp. gr. 117, is comparatively slow. The filtered 
soln. gives colourless needle-like crystals on cooling. The salt is also obtained by 
evaporating thallous chloride or nitrate soln. with an excess of sulphuric acid. 
The excess sulphuric acid must be driven off at a red heat or the hydrosulphate 
may be obtained. J. Krause converted thallous chloride to sulphate by fusion 
with sodium hydrosulphate. 

The colourless prismatic crystals were measured by L. Pasteur, V. von Lang, 
0. Werther, and A. Lamy and A. des Cloizeaux and found to be isomorphous with 
potassium and ammonium sulphafes. W. Stortenbeker prepared mixed crystals 
of the type (K, T1) 2 S0 4 ; and he obtained good crystals of thallous sulphate by 
crystallization from a soln. slightly acidified with sulphuric acid. According to 
A. E. H. Tutton, the bipyramidal rhombic crystals have the axial ratios a : b : c 
—0*5555 : 1 : 0*7328 ; and the sp. gr. is 6 765 at 20 o /4°. A. Lamy gave 6*603 
for the crystals, and he found that the salt melts at a red heat and freezes to a 
transparent glass of sp. gr. 6*77. T. Carnelley gave 632° for the m.p. of the salt. 
R. von Sahmon and G. Tammann found that the coeff. of expansion between 
RXP and 450° is three to six times smaller than that below or above this 
interval. W. Crookes found that thallous sulphate could be heated for a long 
time in a covered crucible without loss of weight. ; and E. Carstanjen added that 
over the gas blowpipe, or in air, sulphur dioxide is evolved ami thallic oxide formed. 
J. B. J. D. Boussingault found 0*321 grm. of thallous sulphate volatilizes completely 
when heated in an open platinum crucible over the gas blowpipe flame. The 
observations of C. F. Rammelsberg, G. Werther, R. J. Meyer, W. Stortenbeker, 
and P. E. Browning show that thallous sulphate is stable enough to be ignited 
and weighed in this form for gravimetric analysis ; but if too strongly heated, it 
rapidly loses weight. A. E. H. Tutton found the three refractive indices to be : 


fi 


y • 


LI- c Ha* 

18493 1*8509 1*8600 

18563 1*8579 1*8671 

1*8739 1*8755 1*8853 


Tl *’• line 

1*8704 1*8859 

1*8778 1*8935 

1*8964 1*9126 


The double refraction is positive. K. A. Hofmann and co-workers found that 
thallous sulphate fluoresces when exposed to the cathode rays ; but does not act in 
darkness on a photographic plate. E. Franke measured the eq. electrical conduc- 
tivity, A, in reciprocal ohms, at 25°, and found that for a mol of the salt in v litres of 
water : 

v . . .16 32 64 128 256 512 1024 

A . . 101*3 113*1 129*9 131*2 138*3 143*1 146*4 


A. Heydweiller investigated the sp. gr. and electrical conductivity of soln. of thallous 
sulphate. A. A. Noyes and K. G. Falk found the percentage ionization of soln. with 
1, 5, 20, and 200 millieq. of salt per litre to be respectively 94*8, 88*2, 78*0, and 56*1. 
0. Drucker found that the depression of the f.p., and the cone, potentials of aq. soln. 
of thallous sulphate agree with the assumption that during ionization some Tr-ions 
vol. v. 2 H 
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are formed. The law of mass action applies for dil. soln., and also for cone. eoln. 
when due allowance is made for the oxidation — vide thallous nitrate. C. Drucker 
found the first ionization constant of thallous sulphate to be 0*23, and the second 
ionization constant, 0 01 4. G. N. Lewis and M. Randall measured the activity 
coeff. W. Schmidt found the dielectric constant to be 28. 

W. Crookes, A. Lamy, and G. Wyrouboff made some observations on the solubility 
of thallous sulphate in water. The Earl of Berkeley found the following per- 
centage solubilities, 5 grms. T1 2 S0 4 per 100 grins, of soln : 

0 ° 10 ° 20 ° 30 ° 50 ° 70 ° 90 * 997 ° 

S . 263 3*57 4*64 5 80 8*44 11*31 14*19 15*57 

Observations were also made by A. E. H. Tutton, A. A. Noyes, F. S. Farrel, and 
M. A. Stewart. E. Cohen and co-workers represented the effect of press., p atm., 
on the solubility, 5, of thallous sulphate in grms. per 100 grms. of sat. soln., at 30°* 
by 5=5 831 +0*003377p-0 0 6 175p2 j 0 r by 5=5-831 +0003295p-CH) 6 109®2 ; they 
observed for the solubility at 30°, 5-831 at 1 atm. ; 7*48 at 500 atm. ; 9-03 at 1000 
atm.; and 10 50 at 1050 atm. W. Stortenbeker found that thallous sulphate 
dissolves more readily in dil. sulphuric acid than in water. F. Ishikawa studied the 
vol. change which occurs when thallous sulphate is dissolved in water, and found 
—0 05407 c.c. per gram by the sp. vol. method, and -0 04906 c.c. per gram by the 
e.m.f. method ; he also found the heat of soln. to be —14 58 to —14*75 cals, per gram. 
A. A. Noyes and M. A. Stewart found that, at 25°, soln. with 4-878 and 9-747 grms! 
of sulphuric acid per litre dissolved respectively 59 09 and 62-95 grms. of thallous 
sulphate per litre. According to W. O. Rabe, 100 grms. of water dissolve 474 grms. 
of thallous sulphate and 10-3 grms. of potassium sulphate at 15° ; 11*5 grms. T1 2 S0 4 
and 16 4 grms. K 2 S0 4 at 62° ; and 18 52 grms. T1 2 S0 4 and 26-2 grms. K 2 S0 4 
at 100°. A. A. Noyes and M. A. Stewart found that, at 25°, soln. with 26-51 grms. 
of thallous nitrate per litre dissolved 42*17 grms. of thallous sulphate ; soln. with 
7-062 and 28*25 grms. of sodium sulphate per litre dissolved respectively 56-44 and 
5913 grms. of thallous sulphate per litre ; and soln. with 1212 grms. of sodium 
hydrosulphato per litre dissolved 58"53 grms. of thallous sulphate per litre. A. Lamy 
said tho aq. soln. has a neutral reaction ; while M. C. Lea said the soln. reacts acid 
to litmus, but he obtained no other evidence of the existence of free sulphuric acid 
in the soln. The aq. soln. exhibits the characteristic reactions of thallous salts. 
E. Carstanjeu found that hydrogen ; W. R. Hodgkinson and C. 0. French, that 
ammonia ; and W . Crookes, that fused potassium cyanide, reduced thallous sulphate 
to the sulphide, etc. A. J. Berry studied tho oxidation of thallous Bulphate in 
alkaline soln. by hydrogen dioxide ; and P. E. Browning and H. E. Palmer, by 
potassium ferricyanide. A. Benrath found the sulphate, unlike the halides, is not 
reduced by oxalic, tartaric, or citric acid. R. Weber obtained thallous heptft- 
sulphatosulphate, T 1 2 S 0 4 . 7 S 03 , by melting below 100° a mixture of the con- 
stituents, and purifying by heating in a sealed tube at 100°. L. Meyer observed 
no sign of thallous sulphate acting as a catalytic agent in promoting the union of 
a mixture of sulphur dioxide and oxygen passing through an aq. soln. of the salt. 
H. Erdmann, and P. Kothner found that cold and hot soln. of thallous sulphate give 
no precipitate when treated with acetylene ; not even when the soln. is also mixed 
with sodium acetate and hydroxide. 

Thallous sulphate forms a number of complex salts with the sulphates of the 
magnesium series. The general formula is T1S0 4 .MS0 4 .6H 2 0, where M denotes 
bivalent iron, nickel, cobalt, copper, manganese, zinc, or magnesium ; these Balts 
are isomorphous with the corresponding potassium, ammonium, rubidium, and 
osssium salts. J. d’Ans could not make thallous calcium disulphate analogous to 
K 2 0a(SO 4 ) 2 H 2 O. J. E. WiUm obtained pale greenish-blue, monoclinio crystals of 
hexahydrated thallous cupric sulphate, Tl 2 S0 4 .CuS0 4 .6H 2 0, which lose nearly 4 mols * 
of water at 100°, and all at 185°. G. Canneri prepared blue crystals of the same salt. 

J . Locke found the solubility per litre of water at 25° to be 81 grms. of the anhydrous 
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g&lt ; and a litre of the soln. contains 0122 mol of the salt. The salt decomposes 
when recrystallized from aq. soln. J. E. WiUm also prepared monoclinic crystals 
of hexahydrated thalloos magnesium sulphate, Il;Mg(S0 4 ) 2 .6H 2 0, by the spon- 
taneous evaporation of a soln. of the component salts. According to G. Werther, 
and C. F. Rammelsberg, the axial ratios are a : 6 : c—0'742 : 1 : 0‘5, and 0=106° 24'. 
G. Werther said that the salt melts below a red heat ; it is more readily soluble in 
water than the corresponding zinc salt ; and it is scarcely affected when recrystal- 
lized from water by slow evaporation. F. R. Mallet prepared optically auisotropic 
crystals of thalloos dimagnesiom sulphate, 2MgS0 4 .Tl 2 S0 4 , by fusing together the 
constituent salts. J. E. Willm, and G. Werther likewise obtained hexahydrated 
thalloos zinc sulphate, Tl 2 Zn(S0 4 ).6H 2 0, by a process analogous to that employed 
for the magnesium salt. The axial ratios of the monoclinic crystals were shown by 
G. Werther to be a : 6 : c=0*7406 : 1 : 0*4956, and 0=106° 21'. A. Lamy and 
A. des Cloizeaux gave 0 7388 : 1 : 0*5010, and 0=196° 10'. The sp. gr. is 3 720 at 20°. 
The mean refractive index for the D-line is 1*6064. The crystals have a negative 
double refraction. According to J. Locke, a litre of water dissolves 86 grms. or 
0*129 mol of the anhydrous salt. G. Werther found that the salt loses its water at 
120° ; but does not decompose at 300° ; it melts below a red heat, and decomposes 
at a bright red heat. 

Univalent thallous sulphate may also take the place of the alkali metals in the 
alums. A mixed soln. of the component salts was found by A. Lamy, 
L. Pasteur, J. E. Willm, and A. Cossa to give regular octahedra of thallic alum t 
T1.>S0 4 .A1 2 (S0 4 )3.24H 2 0, or thallous aluminium disulphate, T1A1(S0 4 ) 2 .12H 2 0. 
A. Lamy prepared a complex 3K 2 S0 4 .4A1 2 (S0 4 ) 3 .T1 2 S0 4 .96H 2 0, t.e. 
3} KA1(S0 4 ) 2 .12H 2 0}T1A1(S0 4 ) 2 .12H 2 0, by crystallization from a soln. of the 
component salts. J. W. Retgers showed that the product is a soln. of the two alums. 
C. Soret and L. Duparc gave 2*329 for the sp. gr. of the crystals of thallic alum ; 
J. W. Retgers, 2*318 at 15° ; W. Spring, 2*3256 at 0° ; 2*3250 at 20° ; 2*3212 at 
50° ; and 2*3159 at 70°. After compressing the crystals for three weeks at 20,000 
atm., the sp. gr. was 2*320 at 22°, and 2*314 at 16°. The coeff. of thermal expansion 
corresponds with a change from unit vol. at 0° to 1*00267 at 20°, 1*00188 at 50°, 
and 1*004178 at 70°. J. Locke gave 91° for the m.p. J. H. Gladstone found the 
refraction cq. to be 278*34. 0. Soret found the indices of refraction, /i, between 
10°-23° to be : 

(i. b- E‘ lh ti ■ fl*H ne 

\ . . 4310 4860 5170 5260 5890 6560 6860 7180 

H . . 1-51076 1-50463 1-50209 1 50128 149748 1 49443 1 49317 1-49226 

Observations were also made by C. Soret and L. Duparc, A. Fook, and M. le 
Blanc and P. Rohland. F. Klocke discussed the strong abnormal double 
refraction of thallic alum. L. de Boisbaudran prepared thallous gallic alum , 
Tl 2 S0 4 .Ga 2 (S0 4 ) 3 .24H 2 0, or thallous gallium disulphate, TlGa(S0 4 ) 2 .12H 2 0, from 
a soln. of the component salts. 0. Soret gave for the indices of refraction, between 
10 °- 20 ° : 

(f. p. b • B- D- C- B- a-Hno 

A . . 4310 4860 5170 5260 5890 6560 6860 7180 

p, . . 1-52007 1-51387 1-51131 1-61057 1-50685 1-60349 1-52228 1 50112 

W. Crookes evaporated thallous sulphate with fuming sulphuric acid, or treated 
thallous chloride with an excess of sulphuric acid, and obtained thallous hydlO- 
sulphate, T1HS0 4 . A. Lamy prepared it by heating hydrated thallic sulphate to 
400°. P. E. Browning, and W. Stortenbeker found that if heated to 220 o -240 o , 
the composition is so constant, TiHS0 4 , that in gravimetric analysis thallium could 
be weighed in this form; at a higher temp., thallous sulphate is produced. 
P. S. Oettinger reported a trihydrate, TiHS0 4 .3H 2 0, to be formed in short thick 
prisms by allowing the acid salt to stand in contact with very acid mother-liquor for 
some months. According to W. Stortenbeker, if a sulphuric acid soln. of thallous 
sulphate be cone, on the water-bath, a crop of monoclinic plates is obtained and 
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afterwards a crop of rhombic needles. The composition of both forms is the same. 
A third modification exists so that the crystals are isotrimorphous with potassium 
hydrosulphate, and he made mixed crystals of the type (K, T1)H804- The crystals 
of thallous hydrosulphate'melt at 1 15 o -120°, and the molten mass is at first quiescent, 
but it suddenly develops vapours of sulphuric acid and passes to the normal sulphate. 
W. Stortenbeker prepared crystals of T1 2 S0 4 .6T1HS0 4 , like the corresponding 
potash salt ; and also hexagonal plates of TI2SO4.TIHSO4, i.e. trithal l iu m hydro- 
disulphate, Tl a H(S0 4 ) 2 . J. d’Ans and 0. Fritsche showed that the solubility 
curves at 25° of thallous sulphate in mixtures of water and sulphuric acid consist 
of two straight lines with the solubility increasing continuously with the cone, of 
the acid. Representing cone, in mols per 1000 grins, of sat. soln. : 

H a S0 4 . 0 4*55 4-79 4-89 4*92 4 78 420 403 

n,so 4 . u-103 or>« 055 059 ooo 0-75 1*01 108 

TJ a HO| TMSO^ 

There are transition points with 2 999II 2 S0 4 and 0*66T1 2 S0 4 , the solid phases are 
Tl a 80 4 and T1 3 H(S0 4 ) 2 ; and with 4‘25H 2 S0 4 aud 0*61Tl a SO 4 , the solid phases are 
T1 3 H(S0 4 ) 2 and TIHSO4. B. (Jossner found the trigonal crystals of trithalhum 
hydrosulphate to have the axial ratio a : c ~ 1 : 3*717, and a =42° 55' ; the crystals 
have a medium negative double refraction. There are probably two modifications 
of TI 3 I1(80 4 )2, since the salt is isodimorphous with the corresponding potassium 
compound. W. Stortenbeker prepared mixed crystals of the type ( K, Tl) a H(S0 4 )2- 

W. Cookes, and A. Lainy dissolved thallic hydroxide in warm dil. sulphuric acid 
and obtained crystals of heptahydrated thallic sulphate, T1 2 (S0 4 ) 3 .7H 2 0 ; 

A. Strecker recommended removing the mother liquid by press, since, as W. Crookes 

showed, the salt is decomposed by water, forming the brown hydroxide. J. E. Willm 
prepared thallic sulphate by boiling an aq. soln. of thallous sulphate with barium 
or lead dioxide, and cone, the filtered soln. for crystallization. Neither H. Marshall 
nor R. J. Meyer and E. Coldsehmidt succeeded in preparing this salt. A. Strecker, 
and W. Crookes said that at 220° the salt loses between 6 and 7 mols of water, and 
forms a smull proportion of thallous sulphate ; at a higher temp, it forms thallous 
sulphate, aud loses sulphur trioxide, sulphuric acid, and oxygen. R. J. Meyer and 
E. Goldschmidt said that thallic hydrosulphate at 220° is completely converted into 
anhydrous thallic sulphate, T1 2 (S0 4 ) 3 . G. Grube and A. Hermann found the 
oxidation potential of thallous to thallic sulphate in sulphuric acid soln. to be 
1*211 volt ; R. Abegg and J. F. Spencer’s value 1*156 is too low. 

Reports by the early workers on the preparation of thallic sulphate are not in 
agreement ; this probably arises from the instability of the salt in aq. soln. In 
the first place, the salt is partially reduced to thallous sulphate, and the mixed 
products explain the series of products described in literature as thallosothallic 
sulphates, or thallosic sulphates. 

J. E. Willm obtained prismatic crystals of a product Tl a S0 4 : T1 ? (S0 4 ) 3 : H a O — 2 : 3 : 22, 
Which, according to R. J. Meyer owl E. Goldschmidt, is obtained best by dissolving 
thallic hydroxido in moderately cone, sulphurm acid, anil evaporating the soln. A basic 
product was found at the same time. J. E. Willm represented the composition of the 
first-named salt by Tl a S0 4 .2TlHS0 4 .3Tl < {S0d 3 .24H l 0. H. Marshall obtained yellow 
crystals of 5 : 3 : 0, by the electrolysis of a sat. acid soln. of thallous sulphate, or by 
allowing thallous sulphate to stand in air for a long time ; if allowed to crystallize from a 
hitrio acid soln., H. Marshall obtained 2:3:0. R. J. Meyer and E. Goldschmidt mode 
crystals of 7 : 1 : 6 by partially reducing thallic sulphate with nitric acid, B. Lepsius 
reported octahedral crystals belonging to the cubic system of the 1:1:0 salt to be 
obtained by crystallization from a soln. containing eq. proportions of the component 
salts. H. Marshall said the crystals are rhombic. R. J. Meyer and E. Goldschmidt 
regarded this compound as the thallous salt of thallisulphuric aoid, H^Tl^SOJ*, or 
HTl(S0 4 ) a — viz. thallous thallisulphatc , or thallous sulphatothollak. The acid is also the 
parent of the complex sulphates M a 'S0 4 .Tl a (S0 4 ) 9 . H. Benrath and H. Espenschied could 
prepare only the 1:1:0 and the 5:1:0 salts. The former is stable above 48®, and the 
latter between 23*6° and 30°. Between 30® and 48°, there is a state of transition, and 
mixtures of various compositions are formed. 
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In the second place, thallie sulphate is so readily hydrolyzed that it can be obtained 
only from acid soln. Even in moist air, the salt becomes brown owing to the forma- 
tion of the hydroxide. If the soln. are not strongly acid, they are decomposed by 
heat, or when diluted with water. Hence, basic sulphates have been reported. 
As a consequence of the neglect to control the temp, and acidity of the soln., what 
appear to be similar processes furnished A. Strecker with the normal sulphate ; 
J. E. Willm, and H. Marshall, a basic sulphate ; and R. J. Meyer and E. Gold- 
schmidt an acid sulphate. J. E. Willm, and H. Marshall reported fine needle-like 
crystals of dihydrated basic sulphate, T1(0H)S0 4 .2H 2 0, or thallie oxy hydrosulphate, 
O1Tl.HSO4.2H2O, or thallie hydroxy sulphate, H0.T1 : SO4.2II2O, to be formed by 
dissolving thallie hydroxide in warm, moderately cone sulphuric acid, and cooling 
the soln. ; after some days large crystals of the thallosic sulphate, 2:3: 22 
appeared, and finally the monohydrate T10HS0 4 .H 2 0. According to ,f. Meyer, 
the solubility diagrams of thallie oxide, the hydrosulphate, T1H(S0 4 ) 2 .4H 2 0, and 
the basic sulphate, T1(()H)80 4 .2H 2 0, in sulphuric acid show the presence of no 
other thallie sulphate than the two just indicated, and hence the other sulphates 
which have been described in literature are mixtures which appear owing to the 
slowness of the change from one salt to another. The transition point of the two 
sulphates just indicated is 45°. 

R. J. Meyer and E. Goldschmidt reported tetrahydrated thallie hydrosulphate, 
TIH(S() 4 ) 2 .4H 2 (), or H80 4 .T1 : S0 4 .4H 2 0, to be formed by saturating boiling dil. 
sulphuric acid with thallie sulphate, and evaporating the strongly acidified filtrate 
on a water-bath. If the soln. bo allowed to crystallize at a low temp., the hexa- 
hydrate, TIH(S0 4 ) 2 .6H 2 (), is formed. They regard this salt as lhallmdphurie arid-— 
or hydrosulphatolhallic arid -from which the alkali complexes MT1(S() 4 ) 2 .4H 2 0 are 
derived. For the thallous salt of this acid, vide supra. 

Thallie sulphate forms a series of complex th&llic sulphates which are of special 
interest because tervalent thallium is the end-member of the Al, Ga, In, Tl-family, 
and it might therefore be expected to form a series of alums, MA1(S0 4 ) 2 .12H 2 (). 
However, J. Locke, 2 A. Piccini and V. Fortini, H. Marshall, R. J. Meyer and 
E. Goldschmidt, etc., failed in the quest. It was, however, shown that the faculty 
of forming alums in this family of tervalent elements decreases as the at. wt. 
increases, so that indium has but a slight tendency to form alums, and thallium 
none at all. The nearest approach to alum-formation with tervalent thallium is the 
series of mixed crystals between ammonia alum and ammonium thallie sulphate 
obtained by A. Piccini and V. Fortini. 

H. Marshall prepared ammonium thallie trisulphate, (NH 4 ) 3 Tl(S() 4 ) 3 ,from a soln. 
obtained by saturating an acid soln. of thallie sulphate with ammonium sulphate ; 
when recrystallizcd from dil. sulphuric acid, it forms tetrahydrated ammonium 
thallie disulphate, NH 4 T1(S0 4 ) 2 .4H 2 0. V. Fortini obtained the tetrahydrate by 
dissolving thallous sulphate in a cone. aq. soln. of chlorine, adding ammonia, and 
washing and drying the precipitate. The latter was then dissolved in the right 
proportion of sulphuric acid, and mixed with ammonium sulphate. The soln., on 
evaporation between 0° and 20° in vacuo, furnished monoclinic prisms of the tetra- 
hydrate. The axial ratios are a : b : c— 0 9559 : 1 : 06836, and £--125° 38'. The 
crystals effloresce in air at 20° -25° ; and lose all their water of crystallization at 
100°. The salt is easily soluble in acids, and is hydrolyzed by water. H. Marshall 
made small needie-like crystals of the anhydrous salt, NH 4 T1(80 4 ) 2 , by crystallization 
from a warm soln. of the component salts. G. L. Clark gave 293° for the temp, at 
which thallie decamminosulphate, T1 2 (S0 4 ) 3 .10NH 3 , dissociates at 100 mm. press. 

R. J. Meyer and E. Goldschmidt obtained fine needle-like crystals of tribydrated 
lithium thallie disulphate, LiTl(S0 4 ) 2 .3H 2 0, from a soln. of the component salts; 
they also made a similar sodium thallie disulphate, NaTl(S0 4 ) 2 .2§H 2 0. A. Strecker 
made the last-named salt in an anhydrous form, NaTl(S0 4 ) 2 , by adding a sat. 
soln. of sodium sulphate to a soln. of thallie sulphate in dil. sulphuric acid. 
The crystals were washed with cold water, pressed between filter-paper, ^and dried 
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over cone, sulphuric acid. H. Marshall prepared tetrahydrated potassium thallic 
disolphate, KTl(S0 4 )2.4H 2 0 t by crystallization from a nitric acid soln. of the basic 
salt ; R. J. Meyer and E. Goldschmidt obtained it by boiling a soln. of the basic 
salt in sulphuric acid ; and V. Fortini, by crystallization, at 0°-20°, from a soln. of 
the component salts. This salt is less stable than the corresponding ammonium salt. 
A. Strecker prepared potassium thallic hydroxy disulphate, K 2 S0 4 .T1(0H)80 4 
(H. Marshall), or 2K 2 S0 4 .Tl20(S0 4 )2 (A. Strecker), by mixing a dil. sulphuric acid 
soln. of thallic oxide with an aq. soln. of potassium hydrosulphate ; on standing for 
some time, colourless crystals of the basic salt appear. They are coloured super- 
ficially brown by cold water owing to hydrolysis, and they dissolve with difficulty 
in warm dil. sulphuric acid. H. Marshall made the same salt, which he obtained 
by warming an aq. soln. of thallous sulphate, potassium sulphate, and carbonate. 
H. Marshall, and R. J. Meyer and E. Goldschmidt prepared anhydrous rubidium 
thallic disulphate, RbTl(S0 4 ) 2 , by a process similar to that used for the ammonium 
salt. The aq. soln. furnishes crystals of the tetrahydrate, RbTl(S0 4 )2.4H20, when 
cooled. Y. Fortini found the crystals to bo so efflorescent that he could not get 
crystallographic data. J. Locke obtained rhombic crystals of trihydrated caesium 
thallic disulphate, C8Tl(S0 4 )2.3H 2 0, from a soln. of the component salts. They are 
sparingly soluble in cold water, copiously soluble in hot water. The further cone, of 
the mother liquid gave rhombic crystals of the sesquihydrate, CsTl(S0 4 ) 2 .liH 2 0. 
V. Fortini could not prepare a complex salt of constant composition. 

R. J. Meyer and E. Goldschmidt reported a mixed salt to be formed by treating 
an aq. soln. of thallous sulphate with bromine, and evaporating the liquid over cone, 
sulphuric acid. The straw-yellow, needle-like crystals of thall ous bromosulphato- 
thallate, Tl 2 Br 2 S0 4 , are represented as a thallous salt of a Thallibromschwefelsaure, 
T1\S0 4 .T W : Br 2 . The salt is sparingly soluble in water, and is hydrolyzed by a large 
proportion of water ; ammonia gives a pale brown precipitate which when heated 
forms brown thallic oxide ; and hydrochloric acid precipitates a crystalline chloro- 
bromide. 7 


References. 

* W. Crookes, Chem. News, 3. 193, 1861 ; 7. 290, 1863 ; 8. 169, 219, 231, 243, 256, 279, 1863 ; 
0. 1, 37, 64, 1864 ; Journ. Chem. Soc., 17. 1 12, 1864 ; Proc. Roy. Soc., 12. 160, 1862 ; Phil. Tram., 
168. 277, 1874 ; Researches on Atomic Weight of Thallium, London, 1874 ; A. Lamy, Compt. Rend., 
64. 1266, 1862; 67. 442, 1863; Arm. Chim. Phys., (3), 67. 386, 1862; (4), 6. 410, 421, 1866; 
hull. Soc, Chim., (2), 11. 210, 1869 ; De V existence d’vn nouveau mltal, le thallium, Lillo, 1862 ; 
Leeon sur le thallium, Paris, 1863 ; J. Krause, Dingier' s Journ., 217. 323, 1875; W. O. Rabe, 
Zeit. anorg. Chem., 81. 166, 1902 ; Zeit. phys. Chem., 38. 175, 1901 ; E. Franke, ib., 16. 463, 1902 ; 

J. W. Refers, ib., 3. 289, 1889 ; M. le Blanc and P. Rohland, ib., 19. 278, 1896 ; W. R. Hodgkinson 
and C. C. French, Chem. News, 66. 223, 1892 ; B. Gossner, Zeit. Kryst., 38. 162, 1903 ; A. Fork, 
ib., 4. 592, 1880; L. Meyer, Per., 20. 3058, 1887; C. F. Ramraelsberg, ib., 16. 2229, 1882; 

K. A. Hofmann, A. Kom, and E. Strauss, ib., 34. 408, 1901 ; R. Weber, ib., 17. 2602, 1884 ; 
Pcgg. Ann., 146. 606, 1872 ; W. Stortenbeker, Rec. Trav. Chim. Pays-Bas, 21. 87, 1902 ; 24. 
63, 1905 ; 26. 248, 1907 ; L. de Boisbaudran, Ann. Chim. Phys., (5), 10. 126, 1877 ; G. Grube 
and A. Hermann, Zeit. Elektrochem., 26. 291, 1920 ; C. Drucker, ib., 26. 364, 1920 ; J. Thomsen, 
Journ, prakt. Chm., (2), 12. 98, 1875; E. Carstanjen, t6.,.(l), 101. 56, 1867; (1), 102. 65, 129, 
1867 ; L. Pasteur, Ann. Chim. Phys., (3), 67. 408, 1863 ; A. E. H. Tutton, Proc. Roy. Soc., 79. 
A, 351, 1907; 83. A, 211, 1910; Earl of Berkeley, Phil. Trans., 208. A, 211, 1904; 
J. B. J. 1). Bouwdngault, Compt. Rend., 64. 1159, 1867 ; T. Camelley, Journ. Chem. Soc., 85. 
663, 1879; F. R. Mallet, ib., 77. 216, 1900; M. C. Lea, Amer. Journ. Science , (3), 46. 478, 
1893 ; P. E. Browning, ib., (4), 9. 137, 1900 ; P. S. Oettinger, On the Combinations of Thallium, 
Berlin, 26, 1864; R. J. Meyer, Zeit. anorg. Chem., 24. 363, 1900; A. Heydweiller, ib., 116. 
42, 1921 ; H. Erdmann and P. Kdthner, ib., 18. 63, 1898 ; J. d’Ans and O. Fritsche, ib., 66. 
231, 1909; J. d’Ans, Ber., 41. 1777, 1908 ; A. Lamy and A. des Cloixeaux, Compt. Rend., 66. 
1146, 1868 ; Ann, Chim. Phys., (4), 17. 310, 1869 ; J. E. Willm, ib., (4), 6. 5, 1865 ; H. Benrath 
and H. Espenachied, Zeit. anorg. Chm., 121. 361, 1922 ; R. Abegg and J. F. Spencer, ib., 44. 379, 
1906 ; A, A. Noyes and F. S. Farrel, Journ. Amer. Chem. Soc., 33. 1664, 1911 ; A. A. N6yes and 
M. A. Stewart, ib., 83. 1868, 191 1 ; B. Lepsius, Verb. dent. Naturf. Aertze, 68. 103, 1901 ; R. J. Meyer 
and E. Goldschmidt, Ber., 36. 241, 1903 ; A. Strecker, Liebig's Ann., 186. 207, 1866 ; H. Marshall, 
Proc.. Roy.'Soc. Edin. ., 24. 305, 1902 ; G. Wyrouboff, Bull. Soc. Min., 7. 141, 1884 ; C. Drucker, 
Zeit. phys. Chem., 96. 381, 1920 ; O. Canneri, Gan. Chim. Ital., 62. ii, 266, 1922 ; F. Ichikawa, 
Mm. Soc. Chm. Ind. Japan, 48. 660, 576, 1922 ; 44. 220, 1923 ; A. J. Berry, Journ. Chem . Soc., 



THALLIUM 


471 


J*®; yw, 1923 ; P. E. Brownmg and H. E. Palmer, Amer. Joum. Science (4), 27. 370, 1909 ; 
E. Cohen, D. H. P. Voller, and A. L. T. Moesveld, Zeit. phye . Chem., 104. 323, 1923 ; O. N. Lewis 
and M. Randall, Joum . Amer. Chem . Soc 43. 1 112, 1921 ; A. A. Noves and K. G. Falk, ib„ 34. 454, 
1912; P. Kothner, Ueber Rubidium , Halle, 1896; W. Schmidt, Ann . Phys., (4), 11. 114, 1903; 
R. von Sahmen and G. Tammanu, ib., (4), 10. 879, 1903 ; G. Werther, Zeii. anal. Chem., 3. 1, 
1864 ; Joum. praki. Chem., (1), 92. 135, 1864; F. Klockc, News Jahrb. Min., i, 158, 1880; 
J. Locke, Amer. Chem. Joum., 26. 166, 1901 ; 27. 459, 1902 ; A. Cossa, Nuovo Cimento, (2), 8. 
75, 1870; C. Soret and L. Duparc, Arch. Sciences Qenbe, (3), 21. 90, 1889; C. Soret, ib., (3). 
20. 162, 517, 1885 ; J. H. Gladstone, Phil. Mag., (5), 20. 162, 1885 ; V. von Lang, tft., (4), 25. 
248, 1863 ; W. Spring, Ber., 17. 408, 1884 ; Bull. Acad. Belg., (3), 6. 507, 1883 ; A. Benrath, Zeii. 
wise. Photochem., 14. 217, 1915; J. Meyer, Rec. Trav. Chim. Pays-Bas, 42. 614, 1923; .1. Mever 
and H. Wilk, Zeit. anorg. Chem., 132. 239, 1923. 

1 J. Locke, Amer. Chem. Joum., 27. 280, 1902 ; H. Marshall, Proc. Roy. Soc. Kdin., 24. 306, 
1902 ; R. J. Meyer and E. Goldschmidt, Ber., 38. 239, 1903 ; A. Piocini and V. Fortini, Zeit. 
anorg. Chem., 31. 451, 1902 ; Gazz. Chim. Hal, 35. ii, 459, 1905 ; V. Fortini, ii>., 35. ii, 460, 1905 ; 
G. Canneri, ib., 52. ii, 266, 1922 ; A. Strecker, Liebig's Ann., 135. 207, 1865; G. L. Clark, Amer. 
Joum. Science, (5), 7. I, 1924. 


§ 13. Thallium Carbonates 

A. Lamy 1 observed that thallous oxide or hydroxide readily absorbs carbon 
dioxide from the atm. W. Crookes stated that when the moist metal is exposed to 
the air, it is soon covered by a film of the carbonate. R. Bdttger obtained a sola, 
of the carbonate by allowing the finely divided metal to stand in contact with water 
and carbon dioxide. A. Lamy, and F. Kuhlmann prepared thallous carbonate, 
TI2CO3, by saturating a soln. of thallous hydroxide with carbon dioxide, and allowing 
the cone. soln. to crystallize. A. Lamy also obtained crystals of the carbonate by 
exposing a soln. of thallium hydroxide in thallium ethoxide to carbon dioxide. 
G. Streit, and E. Carstanjen made a soln. of the carbonate by the action of barium 
carbonate on a soln. of thallous sulphate. According to E. Carstanjen, if the crystals 
have a yellow colour, due to the presence of organic matter, they can be purified by 
adding alcohol to the aq. soln. when the salt is precipitated as a white crystalline 
powder ; or by filtering the aq. soln. through animal charcoal. 

The white crystals are monoclinic prisms which, according to A. Lamy and 
A. des Cloizeaux, have the axial ratios a : b : c=13956 : 1 : 1 9586, and j8=94° 47'. 
They have a strong negative double refraction. The sp. gr. is 7- 164. T. Carnelley 
and W. C. Williams found the m.p. to be 272° -273°. The molten liquid is 
reddish-brown, and A. Lamy, and G. Werther said that a slight decomposition 
occurs during the fusion. E. Carstanjen obtained thallous oxide as a residue 
when the carbonate is heated in a glass tube ; if heated while exposed to air, a mixturo 
of thallous and thallic oxide is formed. According to A. Lamy, 100 parts of water 
dissolve 6*23 parts of the carbonate at 18° ; 12 85 parts at 62° ; and 22’4 parts at 
100'8° ; while W. Crookes found 100 parts of water dissolve 4'2 parts of the carbonate 
at 15*5° ; and 27*2 parts at 100°. A. Lamy said the salt is insoluble in alcohol ; 
E. Carstanjen, in ether ; A. Naumann, in acetone ; and A. Naumann and 
J. Schroder, in pyridine. The aq. soln. has an alkaline reaction. According to 
W. Crookes, the soln, supersaturated with carbon dioxide has an alkaline reaction ; 
but, according to O. L. Erdmann, this is not the case. G. Wyroubofl said that 
prismatic crystals of thallouB oxycarbonate, TlgO.T^COg, were formed in a vessel 
containing thallium and water which had been standing some years. E. Franke 
gave for the eq. electrical conductivity, A, of aq. soln. of thallous carbonate, at 25°, 
expressed in reciprocal ohms, for soln. with a mol of the salt in v litres ; 

v ... 32 64 128 256 572 1024 

A . . . 93*5 107*3 119*2 129*9 137*1 143*4 

W. Schmidt gave 17 for the dielectric constant. C. Winkler observed that the 
reduction of thallium carbonate, mixed with magnesium powder, proceeds ex^lfr- 
sively. Thallous carbonate dissolves in many organic and inorganic acids, and is a 
convenient starting-point for the preparation of many salts of thallium. 
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E. Carstanjen claimed to have made thallium hydrocarbonate by supersaturating 
a cold soln. of thallous carbonate with carbon dioxide, and adding alcohol ; the 
precipitated thallous carbonate is filtered off ; and the soln. furnishes crystals 
approximating in composition to Tl 2 C0 3 .2TlHC0 a . Neither A. Lamy nor G. Werther 
could obtain the hydrocar bonatc from soln. of the hydroxide sat. with an excess of 
carbon dioxide — acicular crystals of the normal carbonate were always obtained. 
G. Giorgis said that the hydrocarbonate is obtained in needle-like crystals by slowly 
evaporating a moderately cone, cold soln. of thallous hydroxide in an atm. of carbon 
dioxide ; if the soln. be heated or rapidly evaporated a mixture with the normal 
carbonate is obtained. G. Bollmann made thallous magnesium carbonate* 
Tl2CO3.MgCO3.4H2O, by allowing a mixed soln. of magnesium carbonate in 
carbonetted water and one of thallous carbonate to stand for some time, when 
crystals of the compound are deposited. 
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§ 14. Thallium Nitrates 

The early workers on thallium prepared thallous nitrate, T1N0 3 , by the action 
of nitric acid on normal thallous hydroxide, or thallous carbonate. According to 
E. Carstanjen, 1 nitric acid is the best solvent for the metal {(j.v.). W. Crookes 
stated that the soln. obtained by using an excess of nitric acid contains a little thallic 
salt, which appears as thallic hydroxide when the ammonia precipitation is made. 
The white prismatic crystals belong to the rhombic system, and, according to 
W. H. Miller, they have axial ratios a : b : c-- 05 109 : 1 : 0 6507. V. von Lang, 
C. F. Rammelsberg, and F. Wallerant made observations on the properties of the 
crystals. A. Lamy and A. des Cloizeaux found the sp. gr. at ordinary temp, to be 
5*50, and after fusion, 5*8 ; J. W. Retgers gave 5*3 for the sp. gr. of the molten 
nitrate at 205°. F. M. Jiiger gave 4 892 for the sp. gr. at 214° ; 4 824 at 254° ; and 
4*744 at 290° ; or, at 0°, the sp. gr. 4*917— 0 00175(0-200), between 206° and 430°. 
A. J. Rabinowitsch measured the sp. gr. and viscosity of aq. soln. of thallous nitrate. 

W. Herz found the coeff. of expansion of molten thallous nitrate to be 
0 0003981 ; the sp. gr. at 214° is 4*892, and at 290°, 4*744. J. W. Wagner found 
the viscosity of JV-, JAT-, and JiV-soln., at 25°, to be respectively 0*9471, 0*9865, and 
0*9932. J. Hausmann measured the capillary rise of soln. with 10 per cent, of 
gelatine. F. M. J&ger, and R. Lorenz and W. Herz gave 99*5 for the surface tension 
of the salt at the b.p. (430°), and 117*3 at the m.p. (210°) ; and for the mol. surface 
energy 1681*9 ergs, per sq. cm. at 210°, and 1506*5 ergs, per sq. cm. at 430°. 

When heated to between 70° and 80°, the rhombic crystals of ordinary thallous 
nitrate, y-TlN0 8 , or III-TlNO a , change into a rhombohedral form /LT1N0 3 or 
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Il-T1N0 3 ; and the latter, between 125° and 151°, changes into a cubic modification 
a-TlN0 3 or I-T1N0 3 . Somewhat discordant values have been given for the 
reversible transition temp. Thus, for the change y-TlN0 3 ?=±/J-TlN0 3 , F. Wallerant, 
and B. Oossner gave 80° ; P. W. Bridgman, ‘75" ; C. van 
Eyk, 72*8° ; and A. G. Bergmann, 78*5° ; and for the 
change, jS-TlN 0 3 T=ia-TlN() 3 , F. Wallerant gave 125°; 

C. van Eyk, 142-5° ; A. G. Bergmann, 142*5°; 

P. W. Bridgman, 144-6° ; and B. Gossner, 151°. 

C. van Eyk found the transition temp, of thallous 
nitrate at 142° is lowered by admixture with the iodide ; 
and the transition temp, of thallous iodide at 169° is 
lowered by the addition of nitrate. P. W. Bridgman’s 
observations on the effect of press, between 1 kgrm. 
and 12,000 kgrms. per sq. cm. on the two transition 
temp, are shown in Table I, and graphed in Fig. 26. 

The slopes of the curves are represented by <IT/dj). 

The volume changes are small and sluggish ; they are represented by 8v in 
c.c. per gram ; C. van Eyk found 0 0004 c.c. per gram for the 1 1— >111 transition. 
There was evidence of a change from the thallous to the thallic form at the 
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Table I. — The Effect of Pressure on Thallous Nitrate at Different Temperatures. 







1— >11. 


Press. 

Temp. 

St f c.c. per 
Kru m. 

(IT 

dp 

l.atcDt. heat 
knrin. -modes 
per Rram. 

Temp. 

So c.c. per 

«ram 

dT 

Latent heat 
kttnn.- metros 
per Rram. 

! 

75-0° 

000073 

0-00(5(58 

0-38 

144 0° 

0-00244 

000830 

1 22 

1,000 

810° 

000070 

0-00(555 

0-38 

152-9 

000242 

000825 

1-25 

3,000 

94-5° 

0 00005 

0-00(532 

0-38 

109-2 

0-00239 

0-00810 

1-305 

5,000 

107-0° 

0000(50 

0-00(510 

0-37 

185-3 

0-00235 

000790 

1-37 

7,000 

119-2° 

1 0-00055 

0 00(500 

0-355 

200-7 

000232 

0-00745 

1-48 

0,000 

131-3 | 

j 0 000495 | 

0 00600 

0-335 




— 

1 1,000 

143-2 

0-000445 ! 

0 00592 | 

I 0-313 





12,000 

1491 

i 

0 00042 i 

0-00587 ! 

0-302 



i 



higher press., but no transitions were observed other than those just indicated. 
The difference in the compressibility of the phases, computed from the difference 
in the slope of the isothcrmals above and below the transition, show that at 75°, 
the compressibility of II1-T1N0 3 in c.c. per gram per kgrm. per sq. cm. is 0'0 e 5 
greater than II-TINO 3 ; at 105°, 00 e 3 greater ; and at 140°, 0 0 ft 15 greater. The 
difference in expansion, computed from the difference of compressibility and the 
slope of the change of volume along the transition line, shows that 1II-T1N0 3 is 
more expansible,' the average difference being 0 00005 c.c. per gram per degree. 
W. Crookes said that the m.p. of thallous nitrate is about 205°, and that a little 
thallic salt may be formed, but no decomposition occurs. J. W. Retgers gave 205° ; 
A. G. Bergmann, 207° ; F. M. Jager, 206° ; and C. van Eyk, 205'0 o -206 1°. The 
presence of the silver or mercury (ous or ic) nitrate depresses the m.p., and molten 
mixtures of these salts and thallous nitrate alone were recommended as heavy 
liquids for mineral separations ; with equimolar parts of thallous nitrate and silver, 
mercurous or mercuric nitrate the sp. gr. at the m.p. are respectively 4*8 (70°), 
5-3 (76°), and 5’0 (110°). The approximate b.p. is 430°. R. Lorenz and W. Herz 
found the ratio of absolute temp, of the m.p. and b.p. of many inorganic salts to be 
nearly constant. The effects of various nitrates on the m.p. are indicated in Figs. 26 
to 30. According to P. W. Bridgman, the latent heats of the transition are indicated 
in Table I, where they are expressed in kilogrammetres per gram. V. Thomas 
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noted that the nitrate is slowly decomposed at 300 °, and the reaction is rapid at 
450 °— oxygen, nitrogen, and nitrogen oxides are given off, and crystalline thallic 
oxide remains ; a little thallous nitrate may be volatilized unchanged. W. Crookes 
said that a little thallous nitrite also accompanies the thallic oxide. 

M. P. Appleby and W. Hughes found the vap. press, p mm., of sat. soln. of 
thallium nitrate at different temp, as determined by the b.p. method, to be : 

03*56° 99-09° 103-79“ 105*12° 10000° 107*54° 108*84° 

p . . 547*1 659*8 740*5 773*0 795*1 827*6 859*1 

The value of dpjdT— 22*3 mm. per degree ; the Earl of Berkeley found dpjdT— 
16*1 mm. per degree at 762 mm. The low b.p. of the sat. soln. is probably due 
to the mol. association of the salt, and is not due to the volatility of the salt, for 
at 104° the salt is non-volatile whether solid or in soln. The osmotic press., P, in 
atm. for soln. of mol. cone. C, is : 

94° 96° 98“ 100° 102° 104° 106° 108° 

P . . 147*1 173*3 195*9 217*8 237*0 254*6 268*8 288*4 

O . . 6*230 6*760 7*323 7*990 8*775 9*816 11*257 (13*44) 

PIC . 23*61 25*04 26*75 27*26 27*01 25*93 23*88 (21*46) 

The value of PjC thus attains a maximum. The curve is probably the resultant of 
two effects : (i) the normal increase of P/C with cone. ; and (ii) a factor due to the 
association of the salt, which diminishes the osmotic press, per mol with increasing 
cone. C. Drucker measured the lowering of the f.p. of water by thallous nitrate. 

Aq. soln. of thallous nitrate were found by W. N. Hartley to give an absorption 
band between A—3240— 2740; and with a dilution OOOIN, rays to A=2420 are 
absorbed. The double refraction of crystals of y-thallous nitrate is negative ; that 
of /J-thallous nitrate is positive; and that of a-thallous nitrate is negative. 
W. H. Miller gavo 1*817 for the mean refractive index. A. A. Noyes, G. Jones and 
W. C. Schumb, and E. Franke measured the eq. electrical conductivity, A, at 25°, 
for soln. with a mol in v litres. The former gave : 

v . . 4 16 32 64 128 256 512 1024 op 

A . . 95*7 114*3 121*0 125*4 129*0 130*9 132*2 133*5 138*2 

and for the degree of ionization of 0*0204iV-soln. 0*906 and 0*910 at respectively 25° 
and 68° ; and of 0*09702V-soln., 0*735 and 0*687. The ionization constants at 25°, 
calculated from solubility and conductivity determinations, are respectively 5*45 
and 7*11 for O-OlffliV-soln., and 4*81 and 2*90 for 0*1500iV-soln. C. Drucker’s 
observations on the f.p. and conductivity of soln. of thallous nitrate led him to infer 
that complex ions, corresponding with 2T1* “TI 2 ", are formed, and that the ioniza- 
tion then follows the law of mass action. A. J. Rabinowitsch studied the anomalous 
ionization of soln. of thallium nitrate. A. A. Noyes and K. G. Falk found the 
percentage ionization of soln. with 1, 5, and 100 millieq. of salt per litre to be 
respectively 97*7, 94*8, and 78*8. G. N. Lewis and M. Randall measured the activity 
coeff. W. Schmidt gave 16*5 for the dielectric constant. H. Greinacher found that 
in the electrolysis of a flame charged with the vapour of thallous nitrate, using spark 
electrodes, the metal ions migrated to the negative pole. 

Observations on the solubility of thallous nitrate were made by W. Crookes, 
A. Lamy, and A. fitard. Expressing the solubility, S } in grams of thallous nitrate 
per 100 grms. of water, the Earl of Berkeley found ; 

0° 10° 20* 30° 40° 60° 80° 100° 105° 

8 . . 3*91 6*22 9*55 14*3 20*9 46*2 111 414 594 

, A. Lamy found thallous nitrate to be insoluble in alcohol; and W. Eidmann, 
soluble in acetone. The aq. soln. has a neutTal reaction. P. Schottlander found 
thallouB nitrate reduces a soln. of auric nitrate : 3TlN0 3 -j-2Au(N0 3 ) 3 — 2Au 
4“3T1(N0 3 ) 3 . C. van Eyk obtained the f.p. curve, Fig. 27, for binary mixtures of 
thallous iodide and nitrate. The m.p. curve belongs toH. W. B. Roozeboom’s fourth 
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type (1. 10, 2) ; it rises immediately from the f.p. of the nitrate showing that mixed 
crystals are deposited from the melt. The white mixed crystals contain 0-8 molar 
per cent, of iodide, and the red mixed crystals 65-100 molar j>er cent, of iodide. 
Mixtures with 18-65 molar per cent, of iodide solidify at 215 5° to a conglomerate 
of the limiting mixed crystals. 

A. Ditte assumed that in aq. soln., nitric acid forms a complex thallous trihydro- 
nitrate, TINO3.3HNO3, but it could not be isolated ; H. L. Wells and F. J. Metzger 
saturated nitric acid, sp. gr. 1*5, with thallous nitrate, and at 0°, obtained crystals 
of thallous dihydronitrate, T1N0 3 .2HN0 3 . The salt loses nitric acid rapidly on 
exposure to air. If the thallous nitrate be dissolved in hot nitric acid of sp. gr. 1*5, 
H. L. Wells and F. J. Metzger found some thallic nitrate is formed, for the soln. 
deposits colourless prismatic crystals of thallosic nitrate, 2T1N0 3 .T1(N0 3 ) 3 , which 
are stable in dry air, but rapidly blacken in moist air. 

According to F. Wallerant, ammonium and thallous nitrates form a continuous 
series of mixed crystals ; the transformation temp, of cubic ammonium nitrate is 
lowered from 125° to 104° by 32 per cent, thallous nitrate, and the transformation 
temp, of cubic to rhombohedral thallous nitrate is lowered to 104° with 32 per cent. 



of thallous nitrate by the addition of ammonium nitrate. Likewise the trans* 
formation temp, of rhombohedral to rhombic thallous nitrate is lowered to 68° 
with 32 per cent, of ammonium nitrate. A. J. Boks found the f.p. curve has 
the V-shape with a eutectic at 109° and 19*62 per cent, of thallous nitrate. 
C. van Eyk found that the f.p. curve of thallous and sodium nitrates is of the 
simple V-type with a eutectic at 162°, Fig. 28. There is no evidence of the 
formation of a double salt ; and since the transition temp, of thallpus nitrate, 
142° and 72*8°, are not affected by additions of sodium nitrate, it follows that 
no mixed crystals are formed. The m.p. and f.p. curves of mixtures of potassium 
and thallous nitrates have been studied by A. Fock, B. Gossner, F. Wallerant, 
W. Stortenbeker, and C. van Eyk. 

The two salts are isodimorphous. Two series of solid soln. are formed, Fig. 29. 
There is a continuous series of rhombohedra with up to 20 per cent., and a continuous 
series of cubic crystals with 50-100 per cent, of potassium nitrate. With inter- 
mediate values, a conglomerate of mixed crystals is formed. Continuous transition 
curves are obtained for the mixed crystals from 144° to 133° on the thallium aide, 
and 129° to 108*5° on the potassium side. The conglomerate has, howeter, 
two transition temp., the first at 133°, at which temp, it changes to a mixture of 
rhombohedra and rhombic crystals, and the second at 108*5°, where the remaining 
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rhombohedra change to the rhombic form. Although no transition in the con- 
glomerate occurs above 133°, the composition of the two sets of mixed crystals 
changes with the temp., the percentage of potassium nitrate being 20 and 50 per 
cent, at 182°, 20 and 69 per cent, at 133°, and 35 and 84 per cent, at 108'5°. The 
other changes will appear from Fig. 29. F. Wallerant found thallous nitrate with 
rubidium or caesium nitrate forms a continuous series of cubic crystals. The cubic 
crystals become rhombohedral with a positive double refraction at lower temp., 
Fig. 30 ; and those with a high thallium content become rhombic at still lower 
temp. The fused mixtures furnish cubic crystals except those rich in rubidium, 
which furnish rhombohedral crystals with a negative double refraction. The 
continuous curves in Fig. 30 refer to the mixtures with rubidium, the dotted lines 
to those with caesium nitrate. 



Fro. 30. ~ Transformations with Thallous 
and Rubidium or CVsium Nitrates. 



Fig. 31. — Froozing-point Curves of Mix- 
tures of Thallous and Silver Nitrates. 


C. van Eyk obtained the f.p. curves, Fig. 31, for mixtures of thallous and silver 
nitrates. A compound, silver thallous nitrate, AgN0 3 .TlN0 3 , appears as a maximum 
on the curve. J. W. Retgers also prepared the double salt in what were regarded as 
monoclinic crystals with m.p. 76° ; C. van Eyk gave 82'8 ft for the m.p. The com- 
plex salt separates on cooling fused mixtures with 47-53 molar per cent, of silver 
nitrate down to 80°-85°. C. Sandonnini studied the electrical conductivities of 
the mixed salts fused and solid. There is no evidence of the formation of appre- 
ciable quantities of mixed crystals ; and there are only solidified conglomerates of 
the double salt with excess of silver or thallous nitrate. There is a slowly pro- 
gressing transformation of the double salt at 26°, but the nature of the change 
is not understood. The change is attended by a decrease in the volume of 
the double salt, while that of the admixed silver or thallous nitrate remains un- 
changed. A. J. Rabinowitsch measured the sp. gr., viscosity, electrical conductivity, 
and ionization of aq. soln. of thallous silver nitrate. G. Schulze studied the electro- 
lytic valve action of the eutectic mixture. I\ Schottlander prepared thallous auric 
nitrate, TlAu(N0 3 ) 4 , by mixing a sat. soln. of one mol of thallous nitrate with a soln. 
of 1 to 3 mols of auric nitrate in nitric acid. J. W. Retgers prepared mercurous 
thallous nitrate, TlN0 3 .HgN0 3 , of sp. gr. 5-3, and m.p. 70° ; and likewise mercuric 
thallous nitrate, TlN0 3 ,Hg{N0 3 ) 2 , of sp. gr. 5 0, and m.p. 110°. A. G. Bergmann 
and co-workers found that thallous nitrate forms two compounds with mercuric 
chloride. There is a eutectic at 176° and 12 8 per cent, of mercuric chloride; a 
maximum at 195°, thallous mercuric dichlorodinitrate, 2TlN0 3 .HgCl 2 ; a eutectic 
*at 192° and 37 per cent, of mercuric chloride; a maximum at 202 5°, thallous 
mercuric dichloronitrate, TlN0 3 .HgCl 2 ; and a eutectic at 197°. With mercuric 
bromide, there is a maximum at 152°, thallous mercuric dibromonitrate, T1N0 3 . 
HgBr 2 , and a euteotic at 146° and 30 per cent, of mercuric bromide. A. G. Berg- 
mann found the fusion cum of mixtures of thallous nitrate and mercuric iodide is 
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of the simple V-type with a eutectic at 192°, and a flat portion in the region 33-75 
molar per cent, of mercuric iodide indicating the formation of solid soln. There 
is no indication of chemical combination. 

J. E. Willm, A. Strecker, and R. J. Meyer dissolved thailic oxide or hydroxide in 
nitric acid of sp. gr. 1*4, and found that the cone. soln. deposited colourless de- 
liquescent crystals of thailic nitrate, T1(N0 3 ) 3 .3H 2 0. C. F. Rammelsberg said that 
the crystals are rhombohedral. The salt is hydrolyzed in the presence of much 
water and thailic oxide is formed ; it is also decomposed, according to J. K. Willm, 
if heated even below 100°. When exposed to air, the crystals lose nitric acid. 
R. J. Meyer found that the soln. of thailic nitrate in nitric acid is a strong oxidizing 
agent— with mercurous nitrate, mercuric and thallous nitrates are formed. He 
could not prepare thailic hydronitrate; even with thailic anhydride in fuming nitrio 
acid, T1(N0 3 ) 3 .3H 2 0 is formed. R. J. Meyer found that thailic nitrate unites with 
potassium nitrate, furnishing crystals of potassium pentanitratothallate, 
2KN0 3 .T1(N03) 3 .H 2 0, or K 2 T1(N0 3 ) 5 .H 2 0. When heated, nitric acid is given off, 
and when treated with water, thailic oxide is formed. 
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§ 15. Thallium Phosphates 

W. Crookes 1 found that normal thallous orthophosphate, Ti 3 P0 4 , is obtained 
as a crystalline precipitate when an excess of phosphoric acid and ammonia is 
added to a soln. of thallous nitrate. A. Lamy mixed cone. soln. of sodium hydro- 
phosphate and thallous sulphate ; about one-third of the thallium was precipitated 
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as orthophosphate, and two-thirds remain in soln. as a complex salt ; he also 
made it by melting equi-molar proportions of thallous metaphosphate and thallous 
carbonate ; and by adding alkali hydroxide to soln. of thallous hydrophosphate— 
alkali carbonate will not do in place of the hydroxide. C. F. Rammelsberg made it 
by saturating a soln. of phosphoric acid with thallous carbonate ; and by adding an 
excess of ammonia to a soln. of one of the acid phosphates. The salt appears in 
white, silky, acicular crystals. C. F. Rammelsberg said that normal thallous and 
lithium orthophosphates resemble one another closely. A. Lamy gave 6*89 (10°) 
for the sp. gr. of the molten salt. W. Crookes found that the salt melts to a brown 
liquid, and on cooling it appears orange, then white, and finally as a crystalline 
mass. He also found that 100 parts of water at 15° dissolve 0497 part of salt, 
and boiling water 0 673 part of tho salt. A. Lamy found that thallous phosphate 
is quite insoluble in alcohol ; E. Carstanjen, that it is sparingly soluble in soln. 
of ammonium salts ; and C. F. Rammelsberg, that it is soluble in soln. of thallous 
hydrophosphate. The aq. soln. has a neutral reaction, and when boiled with silver 
nitrate, yellow silver phosphate is formed without the soln. losing its neutrality. 

A. Lamy regarded the sparingly soluble crystals which he obtained by saturating 
phosphoric acid with thallous carbonate as anhydrous thallous hydrophosphate, 
Tl 2 HP0 4 ; but, according to C. F. Rammclsberg’s analysis, this salt is not a hydro- 
phosphate, but, rather normal thallous phosphate with one to two per cent, of 
adsorbed water. A. Lamy also said that a hemihydrate, T1 2 HP0 4 .£H 2 0, separates 
when the syrupy soln. obtained by evaporation is allowed to cool, but C. F. Rammels- 
berg’s analysis shows that the product is more probably a complex thallium 
pentahydrotriphosphale, T1 2 HP0 4 .2T1H 2 P0 4 . According to A. Lamy and A. des 
Cloizeaux, the rhombic crystals have the axial ratios a : b : c=0*9314 : 1 : 07818 ; 
and they are positively doubly refracting. C. F. Rammelsberg said that they are 
isomorphous with tho corresponding ammonium hydrophosphate and arsenate. 
A. Lamy said that half a mol of water is lost at 200°, and at a dark red heat, vitreous 
pyrophosphate is formed, while C. F. Rammelsberg said a mixture of pyro- and 
meta-phosphates is produced. A. Lamy said the salt is sparingly soluble in water ; 
insoluble in alcohol ; the aq. soln. reacts alkaline, but does not coagulate the white 
of egg ; the aq. soln. gives a yellow precipitate with silver nitrate, and at the same 
time becomes acid. C. F. Rammelsberg found that when the salt dissolves in water, 
some normal phosphate is precipitated. 

A. Lamy, and C. F. Rammelsberg prepared thallous dihydrophosph&te, T1H 2 P0 4 , 
by adding phosphoric acid to a soln. of the preceding salt, or by saturating a boiling 
soln. of phosphoric acid with thallous carbonate. A. Lamy and A. des Cloizeaux 
found the monoclinic crystals have the axial ratios a : h : c=3'1750 : 1 : L4577, and 
j8=91° 44' ; the double refraction is negative ; the sp. gr. is 4 723 ; the m.p. about 
190° ; it loses water at 240°, and forms thallous dihydropyrophosphate ; at a red 


heat, it forms the sparingly soluble motaphosphate. The salt is sparingly soluble in 
water, and insoluble in alcohol. The aq. soln. has a feebly acid reaction. A. Lamy 
prepared an ammonium thallous phosphate by adding ammonia to a soln. of thallous 
hydrophosphate, and evaporating the liquid filtered from the precipitated thallous 
phosphate. According to A. Lamy and A. des Cloizeaux, the anhydrous crystals 
ate tetragonal and have the axial ratio a : c— 1 : 0 7107 ; they are optically 
negative, and isomorphous with ammonium phosphate. The salt is sparingly 
Boluble in water. A. Lamy’ a analysis corresponds with (NH 4 ) 3 P0 4 .(NH 4 ) 2 T1P0 4 ; 
and C. F. Rammelsberg regards it as an isomorphous mixture of (N£^)H 2 P0 4 and 
T1 s HP 0 4 in the molar proportions 5 :1. G. Bollmann made thallous ™<nmA<nnm 
orthophosphate. TlMgP0 1 .6H s 0 J by dropping a soln. containing equimolar pro- 
portions of thallous and magnesium sulphates into one of sodium hydrophosphate. 
The filtered soln. after some hours deposits orystals of this salt * v 

T^PjO,, by heating his hemi- 
hydrated thallous hydrophosphate. A syrupy soln. of the sparingly soluble salt 
prystallues with difficulty. C. F. Rammelsberg made this salt by adding 
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carbonate to the mother liquid remaining after the preparation of thallouB dihydro- 
pyrophosphate. P. Gliihmann obtained the anhydrous salt by allowing a soln. of 
sodium triphosphate and thallous sulphate to stand in air for some time. The 
salt dried at 100° has 0 21 per cent, of water. A. Lamy and A. des Cloizeaux found 
the monoclinic prisms have the axial ratios a : b : 0=14274 : 1 : 1*2921, and 
/?=114°. The sp. gr. is 6*786 ; the double refraction is negative. A. Lamy found 
that the salt softens near 120°, and melts at a higher temp. The glassy mass obtained 
on cooling the molten salt is non-hygroscopic. 100 parts of water dissolve about 
40 parts of the salt ; at the same time some of the salt is hydrolyzed, and an insoluble 
white mass separates— possibly thallous dihydropyrophosphate. Silver nitrate 
gives a white precipitate and the mother liquid is neutral. According to A. Lamy, 
the spontaneous evaporation of the mother liquid remaining after the deposition of 
the crystals of the anhydrous salt furnishes the dihydrated thallous pyrophosphate 
TI4P2O7.2H2O. A. Lamy and A. des Cloizeaux found the monoclinic crystals have 
the axial ratios 0:6: c=2*1022 : 1 : 1*9217, and 1 14° 57' ; the double refraction 
is negative. When exposed to air, the salt becomes superficially moist and sticky. 
When heated, the salt loses two mols of water below a red heat. It dissolves in 
water more quickly than the anhydrous salt. A. Lamy prepared thallous dihydro- 
pyrophosphate, TI2H2P2O7, by heating thallous dihydrophosphate to 240°, or, 
according to C. F. Rammelsberg, to 275°. A. Lamy reported that the salt is sparingly 
soluble in water, and the acid soln. yields short prismatic crystals which melt at 
270°, and lose 2*85 per cent, of water at a red heat. 

According to A. Lamy, thallous metaphosphate, TIPO3, exists in two formf*. 
One is an opaque glass made by calcining thallous dihydrophosphate. The product 
dissolves with difficulty in water, and it does not coagulate whitc-of-egg directly, 
but only after the addition of a few drops of phosphoric acid. The second form is 
obtained by calcining ammonium thallous orthophosphate ; it is a glassy mass 
readily soluble in water, and the soln. coagulates white-of-egg directly. If the 
sparingly soluble form be fused with a few drops of phosphoric acid it passes into 
the soluble form. 

J. E. Willm prepared normal th&llic orthophosphate, T1P0 4 .2H 2 0, by mixing a 
syrupy soln. of thallic nitrate with phosphoric acid ; the white gelatinous mass is 
insoluble in water. When boiled with water, a basic salt and some thallic hydroxide 
are formed. A. Strecker noted the white slimy precipitate formed .when a soln. of 
sodium hydrophosphate is mixed with one of thallic sulphate ; and C. F. Rammels- 
berg’s analysis of the product corresponds with T1 8 P 2 027.13H 2 0. J. E. Willm made 
the basic phosphate, 2Tl2O3.P2O5.5H2O, by adding ammonia to a hydrochloric acid 
soln. of the normal phosphate ; if too much ammonia is added brown thallic 
hydroxide is formed. 


References. 

1 W. Crookes, Chem . News, 3. 193, 1861 ; 7. 290, 1863 ; 8. 159, 219, 231, 243, 256, 279, 1863 ; 
9. 1, 37, 54, 1864 ; Joum. Chem . Soc., 17. 112, 1864 ; Proc. Roy . Soc., 12. 150, 1862 ; Phil. Trans., 
168. 277, 1874 ; Researches on the Atomic Weight of Thallium, London, 1874 ; A. Lamy, Compt. 
Rend., 54. 1255, 1862 ; 67. 442, 1863 ; Ann. Chim. Phys., (3), 67. 386, 1862 ; (4), 5. 410, 421, 
1865 ; Bull. Soc. Chim., (2), 11. 210, 1869 ; De C existence d un nouveau mital, le thallium, Lille, 
1862 ; Legon sur le thallium, Paris, 1863 ; C. F. Rammelsberg, Pogg. Ann., 146. 604, 1872 ; WietL 
Ann., 16. 695, 1882 ; Bet., 3. 279, 1876 ; Sitxber. Akad. Berlin, 21, 1883 ; Handbuch der krystaUo . 
graphiech-physikaliechen Chemie, Leipzig, 1, 348, 1881 ; A. Lamy and A. des Cloizeaux, Ann. 
Chim. Phys., (4), 17. 322, 1869 ; J. E. Willm, ib., (4), 5. 5, 1865 ; E. Carstanjen, Journ. prakt. 
Chem., (1), 101. 55, 1867 ; (1), 108. 65, 219, 1867 ; A. Strecker, Liebig's Ann., 135. 207, 1866; 
P. Gliihmann, Beitrdg zur Kenntnis der Triphosphorsdure uni ihnr Salze, Berlin, 1899 ; O. Boll- 
mann, Beilrage zur Kenntnis der Magnesiumverbindungen, Berlin, 1905. 



CHAPTER XXXVII 

SCANDIUM 


§ 1. The History and Occurrence of Scandium 

There arc differences of opinion as to whether scandium should or should not be 
included in the rare earth family of elements. In any case, it is always associated 
with the raro earths for, in 1879, while studying the ytterbia derived from gadolinite 
and euxenite, L. F. Nilson 1 obtained 0*3 grm. of a new earth which was characterized 
by its spark spectrum,, its low chemical eq., and feeble basicity. He called the 
element scandium in honour of his country, the Scandinavian peninsula where the 
minerals containing the earth were originally found. Shortly afterwards, F. T. Clove 
obtained 0;8 grm. of scandia from 4 kgrms. of gadolinite, and 1*2 grm. from 3 kgrms. 
of keilhauite. G. Urbain and H. Lacombe believe that scandium should not be 
included in the rare earths in spite of the fact that it forms a cyanoplatinatc re- 
sembling those of the ceria earths, and another, which resembles those of the 
yttrium earths. Unlike the yttrium earths, it forms a sparingly soluble double 
alkali sulphate, and in this it resembles more the cerium earths. In its low basicity, 
however, scandia more resembles the yttrium earths. Scandium sulphate is hexa- 
hydrated and very soluble in water. R. J. Meyer emphasized that in this and in 
other qualities, it resembles beryllium. Scandium fits very well into the place 
assigned by D. I. Mendchicff to ekaboron. F. T. Clove emphasized the analogies 
between the prediction and verification, as shown in Table I. 


Table 1. -Comparison of the Predicted and Observed Properties of Scandium. 


Ekaboron, Eb. Scandium, Sc. 


At. wt. 44 

It will form ono oxide, Eb a 0 3 , of sp, gr. 3’5 ; 
more basic than alumina, loss basic than 
yttria or magnesia ; not soluble in 
alkalies ; and it is doubtful if it will 
decompose ammonium chloride. 

The salts will be colourless, and give 
gelatinous precipitates with potassium 
hydroxide, and sodium carbonate. The 
salts will not crystallize well. 

The carbonate will be insoluble in water ; 
and probably precipitated as a basic salt. 

The double alkali sulphates will probably 
not be alums. 

The anhydrous chloride, EbCl a , should be 
less volatile than aluminium chloride, and 
its aq. soln. should hydrolyze more 
readily than that of magnesium chloride. 

Ekaboron will probably not be discovered 
spectroscopically. 


At. wt. 44 

Scandium oxide, Se a 0 3 , has a sp gr. 3‘80 ; 
it is more basic than alumina, and loss 
basic than yttria or magnesia. It is not 
soluble in alkalies ; and does not decom- 
pose ammonium chloride. 

Scandium salts are colourless, and give 
gelatinous precipitates with potassium 
hydroxide and sodium carbonate. The 
sulphate crystallizes with difficulty. 

Scandium carbonate is insoluble in water, 
and readily loses carbon dioxide. 

The double alkali sulphates are not alums. 

Scandium chloride, ScCl 3 , begins to sublime 
at 850° — aluminium chloride begins to 
sublime above 100°. In aq. soln. the sail 
is hydrolyzed. 

Scandium was not recognized by spectrum 
analysis. 


Scandium is sparsely but widely distributed. J. H. L. Vogt estimated that the 
ten-mile crust, the hydrosphere, and lithosphere of the earth contained 0*000000000® 
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per cent, of scandium ; F. W. Clarke and H, S. Washington, 0*0000* per cent. 
From spectroscopic observations it is inferred that scandium occurs relatively 
abundantly in the sun and stars. M. N. Saha 2 observed evidence of it in the high-level 
solar chromospheric spectrum. Since the lines of the scandium spectrum are observed 
in the speotra of stars in diverse stages of development— for example, in a-Persei, 
which is younger than our sun, and in the red stars a-Orionis and a-Herculis, which 
are older than our sun — G. Eberhard argued that scandium must be universally 
distributed on the earth. Consonant therewith, he found that the arc spectra of 
459 minerals and rocks showed that small quantities of scandium are present in 204; 
the evidence with 74 was doubtful ; and the element was absent in 181. He finally 
concluded that scandium in small quantities is one of the most widely distributed 
of the elements on the earth’s crust. It was found to occur most frequently in the 
zirconium minerals, in beryls, in titanates, columbites, titanocolumbites of the rare 
earths, in micas, and in specimens of wolframite and cassiterite. R. J. Meyer, and 
W. Crookes verified these conclusions, and found that scandium can be detected in 
most of the rocks forming the earth’s crust. Even the rocks and, with a couple of 
exceptions, the minerals richest in scandium contain very small proportions — less 
than two per cent. G. Eberhard, and W. Vernadsky say that these rocks arc all 
derived from granites and pegmatites. Most of the yttrium minerals contain 
scandium, but the yttrium always predominates. Scandium is found in kcilbauite, 
euxenite, aucrlite, cerite, cryptolite, koppite, mosandrite, orangite, orthite, pyro- 
chlore, thorianite, thorite, widitc, etc. T. Uemura detected scandium in a Japanese 
beryl. R. J. Meyer found that the wolframite from Zinnwald contains 015 per cent. 
R. J. Meyer and A. H. Winter’s analyses of wolframite from Zinnwald and Sadisdorf 
arc respectively : 


wo, 

FeO 

MnO 

TIO, ; Ta,O s 

PbO ; SnO, 

CaO 

Haro oartha 

75 41 

9-34 

1400 

0-50 

0-18 

0-55 

0-15 

73-47 

15-13 

9-81 

0-03 

0-47 

0-54 

0-20 


Scandium constitutes 56 4 per cent, of the total rare earths present. H. S. Lukens 
found scandium in American wolframite ; and C. Janies in Brazilian zirconite. 
J. Sfcerba-Bohm said that after tungsten has been removed from tho wolframite, in 
the manufacture of sodium tungstate, the separation of the scandium is easy and 
could be profitable if there were any demand. 

G. Urbain said that he found no scandium in his fractions of the rare earths. 
W. B. Hicks did not detect this clement in the minerals fergusonite, ceschynite, 
euxenite, and samarskite. R. J. Meyer found a Finnish orthite containing about 
one per cent, of scandia ; and W. Crookes and R. J. Meyer obtained a similar amount 
from the mineral rnikite, which occurs with the monazite from a felspar quarry near 
Impilaks, Finland, in black masses which show no signs of a crystalline structure 
or action on polarized light. The mineral is so complex that a definite formula 
has not been obtained. W. Crookes’ analysis is : 

TajOj, CbjOj TIO„ZrO, Ce,0 8 Y,0, 80 , 0 , ThO, FeO UO, SIO, 

15-91 23*30 2-55 7 64 117 551 15*52 3-55 10*93 

The volatiles— helium, neon, hydrogen sulphide and water— amounted to 5*83 
per cent. Traces of lime, magnesia, stannic oxide, and sulphur were also present. 
L. H, Borgstrom has discussed and analyzed the mineral, and suggested the 
idealized formula FeTiSiOg. The type rich in uranium is called wiikite, and one 
rich in yttrium, loranscite. The sp. gr. is 4'85, and the hardness 6. The mineral 
is feebly radioactive. The evolution of gas which . attends the heating of the 
mineral is almost explosive, and is accompanied by a curious fracture. Wiikite is 
partially attacked by acids, and readily by fused potassium hydrosulphate. 

Scandium occurs as an essential constituent of only one mineral, namely, thorf- 
veitite. This was analyzed and recognized as a new mineral by J. Schetelig ; it 
was found in a pegmatite vein in granite in Iceland, and in the felspar quarries at 
Saetersdalen, Norway. A. Lacroix found it at Befanamo, Madagascar. The 
vol. v. 2 i 
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composition, according to J. Schetelig and R. J. Meyer, corresponds with that 
required for a silicate of the yttria earths and scandia approximating to scandium 
orthodisilicate, R 2 0a.2Si0 2 , or R 2 S 2 O 7 , where R represents So, Y, . . . The scandia 
forms about 37 per cent, of the whole ; this with yttria and small quantities of other 
yttria bases make up 54*5 per cent. ; the members of the ceria group are almost 
absent ; traces of thoria are present ; and ferric oxide with traces of manganic 
oxide and alumina make up nearly 3 per cent. The mineral occurs in radial aggre- 
gates. The colour is white, greyish-green, or reddish-grey ; it appears yellowish- 
green by transmitted light. The refraction is strong, and the birefringence strongly 
negative. The crystals are rhombic with axial ratios a : b : c== 0*7456 : 1 : 1*4912. 
The sp. gr. is 3*571, and the hardness 6 to 7. The mineral fuses with difficulty, and 
it is only partially attacked by hydrochloric acid.^C. Boulanger and G. Urbain 
analyzed thortveitite from Madagascar. 
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§ 2. The Extraction o! Scandium 

R. J. Meyer, 1 and C. R. J. Sterba-Bohm have described the extraction of scandium 
from wolframite or tin-stone residues ; and the separation of scandia from the 
contained rare earths depends (i) on the formation of a sparingly soluble fluoride 
when the soln. is treated with hydrofluoric acid or sodium fluosilicate ; or (ii) on the 
formation of the hydroxide when boiled with sodium thiosulphate. If thorium be 
present it will accompany the scandia. Traces of yttria earths can be removed by 
repetitions of the process. The raw scandia prepared by R. J. Meyer’s process was 
found by W. Crookes still to contain yttria and ytterbia — particularly when the 
fluosilicate method was used. P. and G. Urbain extracted scandia from thortveitite 
of Madagascar by the following process : 

The mineral is easily attacked when fused with soda and the silioa contained in it is 
eliminated when the residue is taken up with water. The insoluble residue is then treated 
with sulphuric acid, and the soln. of sulphates is precipitated with hydrofluorio acid. The 
fluorides of scandium and the rare earths are washed and then decomposed with sulphurio 
acid in excess. The scandium can be precipitated in a very pure state by means of potassium 
sulphate, after the sulphates have been transformed into nitrates. Ammonia never pre- 
cipitates all the scandium from liquids containing it, but the precipitation of scandium^ 
phosphate is quantitative in an ammoniaoal medium, provided that ammonium carbonate 
u absent. The latter appears to dissolve all scandium precipitates, and the soln. obtained 
are decomposed by heat, hydroxycarbonates being usually precipitated. The yttria earths 
containing scandium which have been oonoentrated in the mother liquors of the precipitates 
of the double potassium sulphates are transformed by ammonia into hydroxides. These 
are finally treated with a slight excess of acetylaoetone Only a trace of scandium is found 
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in the mother liquor* and the rest of the earth* are oonvsrted into the crystalline acetyl* 
aoetonatea. When these are treated with chloroform all the soandiura is dissolved and a 
residue of yttrio aoetylaoetonatee is left. The final separation is effected by sublimation 
in vacuo at about 200°, the scandium compound only being volatile. 

To extract the crude scandia from wolframite, R. J. Meyer employed the following 
process : 

The residues remaining after the extraction of tin are fused with sodium carbonate, 
and the cold product extracted with water. Sodium tungstate passes into Boln. The 
washed residue is dissolved in hydrochlorio acid, and the rare earths precipitated by either 
oxalic or hydrofluoric acid. An excess of the precipitant is required so as to keep the iron 
and manganese in so In. The precipitate of rare earths contains 90-95 per cent, of scandium ; 
and it is ignited for the oxide, which is then dissolved in hydrochloric acid, and the soln. 
boiled for half an hour with sodium fluosilioate, when the scandium is precipitated as 
fluoride. Traces of the yttria earths may be removed from this by reprecipitation with 
sodium thiosulphate. The scandia is dissolved in hydrochlorio acid. The excess of aoid 
is removed by evaporation, and basic scandium thiosulphate precipitated at 100°. The 
washed precipitate is decomposed by hydrochloric acid, and the process repeated. The 
washed precipitate is thus freed from yttria earths, decomposed by hydrochlorio acid, and 
roprecipitated as oxalate, and ignited for the oxide. 'Die scandia so obtained is con* 
taminated with thoria. 

R. J. Meyer and co-workers found that 0 5 per cent, of thoria is difficult to remove 
from scandia— the oxalate process gives but an incomplete separation ; the thoria 
cannot be precipitated by the hydrogen peroxide process ; it cannot bo detected 
spectroscopically; and the ignited oxides dissolve in hydrochlorio acid, even 
though the thoria alone would be insoluble. R. J. Meyer and H. Goldenberg 
showed that the most convenient method of detecting traces of thoria in scandia is 
the magnetic susceptibility test. 

Thoria can be separated by the following methods : (i) R. J. Meyer and 
A. Gumperz, and A. H. Winter separated thorium from scandium by the fractional 
sublimation of the anhydrous chlorides — scandium chloride is the more volatile ; 

(ii) by boiling a neutral soln. of the chlorides with a large excess of a 20 per cent, 
soln. of sodium carbonate. Scandium sodium carbonate is precipitated while most 
of the thorium remains in soln. This process was found by R. J. Meyer and co- 
workers to yield a product so free from thoria that no radioactivity could be detected. 

The cone, chloride soln. is poured into one of sodium carbonate containing 20 per cent, 
of anhydrous carbonate. One litre of sodium carbonate soln. is used for every 10 grras. of 
scandium oxide. The scandium dissolves entirely on stirring and warming. It is then 
boiled rapidly for half an hour, when the double carbonate is precipitated as a powder. 
The vol. of the soln. should be kept constant during the boiling. After the crystalline 
powder has settled, the liquid is poured off, and the precipitate washed by boiling with 
20 per cent, sodium carbonate soln. for 15 mins. — this is repeated three times. The double 
carbonate is dissolved in two litres of cold water — 1 hrs, and constant stirring are 
required for this purpose. The liquid is then filtered, acidified with hydrochlorio acid, and 
tho hydroxide precipitated by ammonium hydroxide while boiling. The scandium 
hydroxide is filtered off and well washed with boiling water until free from alkali. If 
necessary, the operation is repeated. Finally, the chloride soln. is precipitated with oxalic 
acid. 

(iii) Another method used by R. J. Meyer and H. Goldenberg is to drop slowly a 
neutral soln. of the scandium salt into a 10-20 per cent, neutral soln. of sodium 
tartrate, and to boil the clear soln. with ammonia. The precipitated ammonium 
scandium tartrate is then washed with a dil. soln. of ammonium tartrate, (iv) Accord- 
ing to R. J. Meyer and M. Speter, and B. Schweig, most of the thoria can be removed 
by the iodate process. An excess of potassium iodate sufficiently great to precipitate 
some of the scandia is added to a nitric acid sob. of the nitrates. The thorium 
iodate precipitate is separated from the sob., and the scandia precipitated b the 
usual way. (v) R. J. Meyer separated thoria from scandia by fractional crystallisa* 
tion of scandium ammonium fluoride. In this process, a neutral sob. of the ebbtide 
is mixed with an excess of aq. ammonium fluoride contabed in a platbum dish, 
and vigorously stirred. A gram of scandia requires 8 grms. of ammonium fluoride. 
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On evaporating at 100°, insoluble thorium fluoride separates. Any scandium 
ammonium fluoride which crystallizes out can be redissolved by warming with 
more water. The soln. of scandium salt is then filtered off. R. J. Meyer and 
A. H. Winter also fractionally crystallized the acetylacetonates ; W. Crookes, the 
metanitrobenzoates ; R. J. Meyer, the hydrazine sulphates ; and C. R. J. Sterba- 
Bohm, the formates. It is claimed that the last traces of ytterbia can be removed 
from scandia by the fractional crystallization of the formates. The various methods 
were examined by B. Schweig. 

W. Crookes employed the following process for extracting scandia from wiikite. 
He did not consider a sample of scandia to be satisfactory if it had an at. wt, higher 
than 44d, and if it showed the least trace of the dominant ytterbia spectral line 
A —36944*344. 

The ground mineral is passed through an 80-mesh sieve, then mixed with five times its 
weight of powdered potassium bisulphate and fused in a clay crucible. At first much froth- 
ing occurs, due to the escape of permanent gases and aq. vap. This ebullition can be abated 
by stirring with an iron rod. When in quiet fusion, the heat is raised to full redness for 
10 mins, and the liquid mass poured on an iron plate. When cold, the melt is finely ground, 
mixed with water in the proportion of 1 kilo, to 5 litros, and mechanically agitated for about 
12 hrs. It is then thrown on a linen filter and well washed. This treatment extracts 
most of tho raro oarths, together with a little titanic, niobic, and tantalic acids, and zirconia, 
but the bulk of these bodios is left behind. Tho soln. is supersaturated with ammonia and 
well boilod ; this treatment precipitates all the earths, together with iron, titanic acid, 
zirconia, etc. The precipitate of crude earths is filtered and well washed. The precipitated 
crude earths are converted into oxalates by heating the pasty precipitate in a dish with 
crystals of oxalic acid added gradually, excess being avoided as much as possible. When 
cold, the oxalates are filtered off, and the iron, etc., in the filtrate is precipitated with 
ammonia. As scandium oxalate is slightly soluble in water, the iron precipitate will contain 
a certain proportion, which must be kept for subsequent working up. The washod oxalates 
are dried and ignited ; tho resulting earths form about 17 per cent, of the mineral and contain 
about 7 per cent, of scandia. The crude oxides are converted into sulphates by heating 
with sulphuric acid, tho excess of acid being driven off by heat — not using too high a temp. 
The dry sulphates are agitated with plenty of water, and filtered from a little insoluble residue 
of tho so-called metallic acids. Ammonia in excess is then added to tho filtrate, and the 
precipitated oxides are washod, once more converted into oxalates in tho manner already 
described, and the oxalates again washed, dried, and ignited. The ignited oxides are boiled 
in dil. nitric acid, filtered from a little insoluble matter, and evaporated to dryness. These 
somewhat complicated operations are to insure the removal of sulphuric and metallic 
acids, the presence of which interferes with subsequent fractionation. The earthy nitrates 
rich in scandium are mixed with an equal bulk of potassium nitrate and fused in large 
porcelain crucibles with constant stirring until the mass has the appearance of cream — 
fluid when hot, solidifying on cooling to a white enamel-like mass. On boiling this mass 
in water, a dense white basio nitrate separates and undecomposed nitrates are left in soln. 
Scandium and ytterbium, forming easily decomposed nitrates, concentrate in the insoluble 
end, while the yttrium and cerium earths, whose nitrates are less easily decomposed by heat, 
are left in the soluble end. Fractionation on these lines is now continued until spectrum 
photographs show the scandium to be pure. It is not difficult to obtain scandia free from 
all earths present except ytterbia and yttria ; but the final elimination of pure scandia 
from these earths is a matter demanding much time and patience. 
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§ 8. The Properties ot Scandium 

W. E. Mott 1 gave 1200° for the m.p. of the metal, and calculated 2400° for the 
b.p. Scandium acts as a tervalent element and furnishes a basic oxide which is 
stronger than alumina, but weaker than that of any of the rare earths of the type 
R 2 O 3 . The salts are distinctly hydrolyzed in aq. soln. They have a sweet astringent 
taste, and are colourless. 

Many organic salts of scandium have been prepared —t.g. the formate, aoetate, acetyl- 
acetonate, propionate, butyrate, iaobutyrate, isovalerate, oxalate, succinate, piurate, 
benzoate, o-and m-toluates, phenylacetate, pyromellitate, camphorate, mono-chloroacetote, 
malonate, malate, fumarate, tartrate, racemate, mesotartrate, a/J-dibromopropionute, 
citrate, phthalate, totrachlorophthalate, 2-nitrophenyl-4 , -tolylamine-4-sulphonate, 
octomethyltetraminodihydroxyparadixanthylbenzenetetracarboxylate, and metanitro- 
benzoate. 

Scandium gives no absorption spectrum in the visible region ; and P. T. Clove 2 
observed no flame spectrum. 

In preparing the rare earths for spectroscopic examination G. Eberhnrd recommended 
that the part which could be oxtracted with acids was first separated from the non -ext root ive 
part, and the former was then further separated by treatment- with oxalic acid into a part 
which was precipitated by this acid, and a part which was not precipitated by oxalic acid, 
but gave a precipitate with ammonia. This precipitation of the remaining liquors with 
ammonia was always necessary, as scandium oxalate is exceedingly soluble oven in weak 
mineral acids, such as the extraction always contains, and thus a part of the scandium 
remains in the liquid after precipitation with oxalic acid. The preparation of other minerals 
and rocks was essentially simpler. They w ere first finely powdered and then heated to a bright- 
red heat for some time in a porcelain crucible to romovo the gosos and water contained in 
them. If this preliminary treatment is neglected unpowderod particles spurt with little 
explosions, and powdered pieces crumble up as soon as the arc is started. Since vaporiza- 
tion in the arc is a kind of fractional distillation, the material should bo all completely 
vaporized until the spectral lines disappear. I 11 the early stages the more volatilo con- 
stituents- c.j/. the alkalies -vaporize first, and scandium, zirconium, thorium, fcantelmn, 
etc., do not appear. 

The list of lines in the spark spectrum of scandium given by L. F. Nilson includes 
some lines derived from impurities ; K. Thalen worked with a better purified 
material, and H. A. Rowland identified a few of these lines with the Fraunhofer 
lines in the solar spectrum. The more intense of the numerous lines in the spark 
spectrum are 6305, 6080, 6038 in the orange-yellow ; 5027 and 5031 in the green ; and 
4415, 4400, 4374, 4325, 4320, 4314, and 4240 in the blue and violet. Measurements 
have been made by F. Exner and E. Haschek, J. N. Lockyer and F. E. Baxendall, 
and W. Crookes. The arc spectrum has been examined by A. Fowler, S. P. de liubies, 
A. S. King, J. M. Ederand E. Valenta, and F. Exner and E. Haschek. The more in- 
tense lines are 3353 90, 3372-33, 3558 69, 3567 89, 3572 73, 3576 53, 3614-00, 3630-93, 
3642-99, 3907-69, 3912 03, 4020 60, 4023 88 , 4247 02, 4314 31, 432098, 4325*22, 
4374 69, 4400-63, 4415 78, and 6305 94. According to A. Fowler, the arc spectrum of 
scandium consists of two distinct sets of lines, which behave very differently in solar 
spectra. Each set includes both strong and faint lines. Lines belonging to one set 
correspond with the enhanced lines of other elements, notwithstanding that they 
appear strongly in the ordinary arc spectrum, (a) These lines are very feeble or 
missing from the arc-flame spectrum, and are strengthened in passing to the 
arc in hydrogen, or the spark, (b) They occur as relatively strong lines in the 
Fraunhofer spectrum, (c) They are weakened in the sun-spot spectrum, (d) They 
occur as high-level lines in the chromosphere. The remaining lines show a great 
contrast when compared with the first group, (a) They are relatively strong 
lines in the arc-flame. ( 6 ) They are very feebly represented in the Fraunhofer 
spectrum, (c) The stronger lines are prominent in sun-spot spectra, (d) They 
have not been recorded in the spectrum of the chromosphere. The special develop- 
ment of the enhanced lines in the Fraunhofer spectrum, together with their presence 
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in the upper chromosphere, indicates that the greater part of the scandium 
absorption in the solar spectrum originates at a higher level than that at which 
the greater part of the iron absorption is produced. The flutings which occur 
in the arc and arc-flame spectra do not appear when the arc is passed in an 
atm. of hydrogen. As suggested by R. Thalen, they are probably due to scan- 
dium oxide. W. J. Humphreys studied the effect of press, on the spectral lines. 
M. A. Catalan, W. M. Hicks, and E. Paulson studied the regularities in 
the structure of the scandium line spectrum ; A. S. King, the Zeeman effect. 
J. M. Eder and E. Valenta gave drawings of typical spectra of the arc and spark 
spectra, Figs. 1 and 2. G. Eberhard showed spectroscopically the wide distribution 
of scandium. F. W. Dyson, G. Hofbauer, A. Fowler, and W. S. Adams studied the 
scandium lines in the solar spectrum, and the last-named identified 45 scandium 
lines in that spectrum. 

H. G. J. Moseley, E, Hjalmar, and E. Friman studied the high-frequency or 
X-ray spectrum ; and W. M. Hicks found that the high-frequency spectra of 
scandium, yttrium, lanthanum, and ytterbium show doublet series. V. Dolejsek, 
H. Fricke, E. Hjalmar, M. Siegbahn, and H. Stensson gave for the K-series 
a 2 a'=3 02863; ai a=3V2526 A.; a 3 and a 4 =30 06 A.; &0=2 77366 A.; and 
j3 2 y=2*7555 A. The atomic structure and the paramagnetic properties observed 
by B. Cabrera were discussed by A. Dauvillier. 

Reactions of scandium salts of analytical interest —According to P. T. Cleve, 
a soln. of a scandium salt gives no precipitate with hydrochloric acid or with 
hydrogen sulphide. Alkali hydroxides or ammonia give a voluminous precipitate 
insoluble in an excess of the reagent ; tartaric acid hinders the precipitation in the 
cold, but when heated, an abundant precipitation occurs. Alkali or ammonium 
carbonate gives a voluminous precipitate fairly soluble in an excess of the reagent. 
Ammonium sulphide gives a precipitate of the hydroxide. An excess of a sat. soln. 
of potassium or sodium sulphate with cone. soln. of the scandium salt precipitates the 
double alkali sulphate.” Sodium phosphate gives a gelatinous precipitate ; sodium 
thiosulphate with a boiling soln. gives an incomplete precipitation of a basic thio- 
sulphate. Hydrogen peroxide in neutral or slightly acid soln. gives no precipitate. 
Iodic add readily precipitates scandium iodate which is readily soluble in nitric 
acid. Hydrofluoric add precipitates a fluoride which is soluble in alkali fluorides, 
but much less soluble in acids than are ceric or yttrium salts. Hydrofluosilicic acid 
or sodium fluosilicate gives a white precipitate of scandium fluoride. Thorium 
fluoride is similarly precipitated. Tartaric add gives no precipitate, but if 
ammonia be present, the double tartrate is precipitated. 

A curdy precipitate is produced when oxalic add is added to a soln. of scandium 
chloride. This is speedily transformed into a crystalline powder ; the precipitate 
la sparingly soluble in acids, but readily soluble in ammonium oxalate. The 
precipitation is incomplete in acid soln. Scandium oxalate is slightly but 
distinctly soluble in water ; it is less soluble than the oxalates of the rare earths 
in dil. acids, and unlike the rare earth oxalates, it is more soluble in dil. sulphuric 
acid than in dil. hydrochloric acid. In these respects it resembles thorium oxalate. 
Scandium oxalate forms sparingly soluble potassium, and sodium oxalates, and 
readily soluble ammonium oxalate. Although scandium oxalate , ScgfCgO^g.bHgO, 
appears to be more soluble than the oxalates of the rare earths, it is found in the first 
fractions when a mixture of ytterbium and scandium salts is fractionally precipitated. 
F. Wirth found at 25°, 100 grms. of a sat. soln. of scandium oxalate, in presence of 
1*624, 2*4, and 4 478 grms. of ammonium oxalate, contain respectively 0*3019, 
0*4012, and 0*7108 gnn. of scandia. The solid phase with the first two soln. is the 
pentahydrate, and with the last-named soln. a mixture of the pentahydrate and 
ammonium oxalate. F. Wirth, and R. J. Meyer measured the solubility of scandium 
oxalate in hydrochloric and sulphuric acids, and, expressing the results in grams of 
scandium oxalate in 100 grms. of soln., with acids of normality N-, the solubilities 
at 25° and 50°, found by R. J, Meyer, are : 



Normality . 


. 0-1 

8UANDIUM 
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1*0 

2*0 

46 * 
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. 0*0420 
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. 0*0386 

0*0997 

0*1663 

0*3176 

0*7761 


. 0*0662 

01481 

0-2493 

0*4429 

1-1280 



The results are plotted in Fig. 1 . In quantitative analyses scandium is precipitated 
as oxalate, ignited and weighed as scandia, Sc 2 0 3 . Acid potassium oxalate pre- 
cipitates a crystalline double Balt. 

The atomic weight of scandium.— The rela- 
tions between ekaboron — vide Table I— and 
scandium agree with the assumption that 
scandium is a tervalent element. The X-ray 
spectrum fits in with the atomic number, 21. 

This was confirmed by the observations of 
K. J. Meyer and co-workers, 3 A. H. Winter, and 
G. T. Morgan and H. W. Moss on scandium 
acetylacetonate. Mol. wt. determinations from 
its action on the f.p. of benzene, and on the b.p. 
of benzene, chloroform, and carbon disulphide, 
show that the formula is ScfCHfCOCH^Ja, and 
not Sc[CH(COCH 2 ) 2 ] or Se{CH(COCH 3 ). 2 ] 4 . 

F. M. Jager’s observations on the isomorphism 
of the scandium and indium acetylacetonates 
and ethylsulphates ; and L. F. Nilson and 0. Pettersson’s observations on 
the sp. ht. of the oxides and sulphates of alumina, gallia, india, scandia^ 
and yttria also agree with the tervalency of scandium. The difficulty in 
eliminating the rare earth elements from scandium salts explains the high 
results obtained by the early workers on the at. wt. of scandium. P. T. Cleve 
ignited the anhydrous sulphate, and from the ratio Sc 2 (S0 4 ) 3 : Sc 2 0 3 obtained 
44*96 ; from the synthesis of the sulphate, P. T. Cleve obtained from the ratio 
Sc 2 0 3 : Sc 2 (S0 4 ) 3 , 45 20 ; L. F. Nilson, 4413 ; and R. J. Meyer and H. Goldenbcrg, 

44 09. J. Meyer and B. Schweig obtained 45 23 ; R. J. Meyer and A. H. Winter, 

45 0; and 0. Honigschmid, 45 099 ±0 014. The International Committee on at. 
wt. determinations gives 44’ 1 as the best representative value. The fttomio number 
of scandium is 21. F. W. Aston found scandium is a simple element without 
isotopes. G. Kirech and H. Pettersson found that when bombarded with long- 
range a-rays, scandium does not give long-range particles in evidence of atomic 
disintegration. L. F. Bates and J. S. Rogers made observations on this subject. 


Fio. 1. — Solubility of Scandium 
Oxalates in Hydrochloric and 
Sulphuric Acids. 
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§ 4, Scandium Oxide and Hydroxide 

When scandium hydroxide, carbonate, oxalate, sulphate, or nitrate is ignited, 
scandium oxide, Sc 2 0 3 — scandium sesquioxide, or scandia— is formed as a fine white 
powder. According to L. F. Nilson and 0. Pettersson, 1 the sp. gr. is 3 864, and the 
sp. ht. O' 1530 between 0° and 100°. R. J. Meyer and co-workers found the magnetic 
susceptibility to be —0‘05xl(F' 6 electromagnetic mass units. E. Wedekind and 
P. Hauskneeht found the mol. magnetism of scandium oxide to be — l‘2xl0~ 6 . 
According to L. F. Nilson, scandia dissolves slowly in cold acids and rapidly in hot 
acids, forming scandium salts. According to W. Crookes, ignited scandia dissolves 
with difficulty in dil. cold acids, but readily, in warm acids, and particularly so in 
cone, acids. Cone, sulphuric acid dissolves ignited scandia with the evolution of 
much heat. When alkali hydroxide or ammonia is added to a soln. of a scandium 
salt, a white voluminous gelatinous precipitate of scandium hydroxide, Sc(0H) 3 , is 
formed. It is insoluble in an excess of the precipitant. When dried in air, at 
ordinary temp., it forms a hard horny mass which, according to W. Crookes’ analysis, 
has the composition Sc(OH) 3 . W. Crookes added that the hydroxide is a weak base 
with a marked tendency to form basic salts. It dissolves readily in dil. acids, 
forming, as in the case of the oxide, scandium salts. J. Bohm and II. Niclassen 
studied the X-radiograms of the sol and gel hydroxide. 
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§ 5. Scandium Halides 

W. Crookes 1 prepared scandium fluoride, ScF 3 , by heating scandia with aq. 
hydrofluoric acid ; the semi-transparent gum-like mass changes on boiling to a white 
mass difficult to filter. When hydrofluoric acid is added to a soln. of scandium 
nitrate or sulphate, a white precipitate is formed, which on boiling resembles the 
preceding one. R. J. Meyer also precipitated scandium fluoride from warm—-not 
cold — neutral or acid soln. by means of hydrofluosilicic acid. This behaviour 
is attributed to the ready hydrolysis of the fluosilicate in hot soln. : Sc 2 (SiF 6 ) 3 
+6Hg0sst2ScF 8 -F3Si02-F12HE, and the reaction is utilized in separating scandium 
from other rare earths. C. R, J. Sterba-Bohm said that W. Crookes’ process does not 
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give & pure fluoride because of ita great adsorptive power for salts in the mother- 
liquor; a pure preparation is obtained by the action of hydrofluoric acid on 
the oxide, and drying at 150°-180°. When dried over sulphuric acid, scandium 
fluoride is anhydrous, ScF s ; it loses a little weight at a red heat ; at a higher 
temp, it sinters together ; and fuses before the blowpipe flame. The salt is very 
stable, for it is Dut imperfectly decomposed by cone, sulphuric acid; it is 
completely decomposed by fusion with potassium bisulphate ; the melt dissolves 
in acidulated water ; and the soln. gives a precipitate of scandium hydroxide 
with ammonia. Unlike the fluorides of thorium and the rare earths, the solubility 
of the fluoride in mineral acids is less than that of the other rare earth fluorides, 
and approaches that of thorium fluoride. Scandium fluorides are very sparingly 
soluble in hydrochloric acid. R. J. Meyer found that unlike all the other earths 
— excepting zirconium— scandium fluoride is readily soluble in soln. of the alkali 
fluorides when acids are absent. According to C. R. J. Sterba-Bfthm, fluoscandic 
acids do not exist in the free state, and of the fluoscandiates those of the type 
R3SCF3 are limiting forms. In its fluoride, scandium resembles calcium more tnan 
titanium, and in its property of forming complex fluorides, it resembles titanium 
and zirconium, and differs from the rare eartns. Its co-ordination number is 6, 
that of boron 4. 

R. J. Meyer prepared amm onium fluoscand&te, (NHJgScFc, or 3NH 4 F.8cF a , 
by treating a neutral or feebly acid soln. of a scandium salt with ammonium fluoride 
and evaporating the clear soln. in a platinum dish on a water-bath. The clear 
octahedral crystals are very soluble in water ; the aq. soln. is not decomposed by 
boiling ; hydrochloric acid precipitates scandium fluoride ; and with dil. sulphuric 
acid, ammonium scandium sulphate is precipitated. It is assumed that the aq. 
soln. has the ions and ScF 6 '" because it does not give any precipitate— hot or 
cold — with ammonia ; sodium or potassium hydroxide, however, does precipitate 
scandium hydroxide from hot soln. When freshly precipitated scandium fluoride 
dissolves in cone. soln. of the alkali fluorides ; and, when cone., the soln. deposit 
crystals of the double fluorides. When a soln. of scandium chloride is 
treated with potassium fluoride, the liquid becomes turbid ; the turbidity 
clears up on dilution or boiling. C. R. J. Sterba-Bohm found that on hydrolysis ; 
(NH 4 ) 3 ScF 8 ~>(NH4)2 ScF 5«>(NH4)8 cF 4, the solubility decreases progressively as 
ammonium fluoride is removed. Clear octahedral crystals of potassium fluo- 
SCandate, I^ScF**, are obtained on evaporating the soln. The salt is less soluble 
than the ammonium salt in water ; and it behaves like the ammonium salt with 
dil. acids, but when boiled with ammonia, scandium hydroxide is precipitated. 
The corresponding sodium fluoscandate, Na a ScF 0 , is less soluble than the potassium 
salt, for it dissolves but sparingly in hot water. The microscopic crystals are easily 
soluble in dil. acids. 

R. J. Meyer and H. Winter prepared anhydrous scandium chloride* ScCl 8l by 
C. Matignon and F. Bourion’s process, namely, by the action of a mixture of the 
vapour of sulphur chloride, S 2 C1 2 , and chlorine on the heated oxide. The reaction 
begins about 500°, and is soon completed, and the chloride begins to sublime between 
800° and 850° — rather higher than thorium chloride. W. Biltz and W. Klemm 
found that molten scandium chloride freezes at 939°, and that the electrical 
resistance runs from 3 ohms at about 933° to nearly 10 ohms at 935°, and on 
melting it rises abruptly becoming nearly 70 ohms at 950°. Scandium chloride is 
a white solid which deliquesces rapidly in air ; and dissolves in water with a 
hissing sound, and the development of much heat ; the aq. soln. reacts acid owing 
to hydrolysis. The hydrolysis is more marked than with lanthanum and yttrium. 
R. J. Meyer found the eq. conductivity rose with dilution. Thus, for soln. with 
a mol of scandium chloride in t? litres of water at 25° : 


V 

. 32 

64 

128 

266 
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1024 Ai 024 -Asl 

A(ScCl,) 

. 104*7 

111*7 

119*0 

126*2 

133*0 

142*5 37*8 

AfAlCy . 

. 99*9 

106*9 

114*1 

123*8 

131*0 

1380 38*1 
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H. Ley found for the chlorides of the strongly basic earths— e.g. yttrium and cerium 
earths— a difference in the eq. conductivity of approximately A 1024 ^g 2 — 26 units. 
This constant is fairly general for normally ionized and unhydrolyzed chlorides 
of the tervalent metals. Scandium chloride is considerably hydrolyzed in aq. soln. 
and it has a higher value, 37*8, than the normal one, 26, for A 102 4 ^ 2 . Scandium 
chloride is insoluble in dry alcohol. When heated in air it forms an oxychloride 
which resists the action of acids and alkalies. P. T. Cleve obtained a mass of 
felted needle-like crystals by crystallization from a cone. soln. of the earth in 
hydrochloric acid. According to W. Crookes, the crystals can be dried by press, 
between filter-paper followed by a few hours in a desiccator — the composition 
corresponds with hexahydrated scandium chloride, ScCl 3 .6H 2 0. The crystals are 
deliquescent, but not so much as the nitrate ; and they are readily soluble in alcohol. 
When heated for 6 hrs. at 100°, water is given off, and the oily liquid solidifies to a 
white crystalline mass of sesquihydrated scandium chloride, 2ScC 1 3 .3H 2 0 ; when 
heated to redness, water and hydrogen chloride are given off, and scandia, Sc 2 0 3 , 
remains. 

R. J. Meyer failed to prepare double compounds of scandium chloride with 
sodium, potassium, ammonium, and rubidium chlorides in acid or alkaline soln., but 
he did make ceesium chloroscandate, probably CsgScCl 6 , which had so great a 
solubility that it was not obtained pure enough to justify analysis. The correspond- 
ing salts of praseodymium, neodymium, and samarium have the formula 
Cs3M01g.5H 2 0, and lanthanum, CssLaClgA or 5H 2 0. Thorium forms two caesium 
salts. In general, the tendency of the chlorides of the rare earths to form double 
salts is small ; this is possibly due to the relatively strongly positive characteristics 
of the metals because the tendency to form double salts is most marked with the 
chlorides of the feebly positive metals — platinum, gold, bismuth, antimony, tin, 
etc. W . Crookes prepared a mass of felted yellow deliquescent needle-like crystals of 

honicosihydrated auric chloroscandate, 3ScC1 8 .2AuC 1 3 .21H 2 0, by slowly evaporat- 
ing over sulphuric acid in vacuo a mixture of cone. soln. of the component chlorides. 
When these crystals are allowed to stand about a fortnight in a desiccator over 
sulphuric acid, the weight rapidly diminishes, and remains constant when the com- 
position corresponds with octohydrated auric chloroscandate, 3ScCl 3 .2AuCl 8 .8H 2 0 ; 
and when heated at 100°, for about six days, there are indications of an arrest in the 
rate of dehydration when the composition corresponds with dihydrated auric 
chloroscandate, 3ScC1 3 .2AuC 1 3 .2H 2 0; but by continuously drying anhydrous auric 
chloroscandate, 3ScC1 8 .2AuC 1 3 , is finally obtained. 

W. Crookes prepared deliquescent rhombic crystals of hexahydrated scandium 
bromide, ScBr 2 .6H 2 0, by evaporating on the water-bath a soln. of scandium 
hydroxde or carbonate in hydrobromic acid. When these crystals are heated in 
an air-bath to 120°, sesquihydrated scandium bromide, 2ScBr 8 .3H 2 0, is formed. 
0. Honigschmid obtained the bromide, ScBr 8 , by heating a mixture of the oxide 
and carbon in a stream of bromine, and resubliming in vacuo. It sublimes above 
1000°. Its sp. gr. is 3*9 10-3*913. It slightly attacks quartz at a high temperature : 
4ScBr 8 + 3Si0 2 -3SiBr 4 + 2 Sc 2 0 3 . 


Rsvbbxncks. 

1 P. T. Cleve, Bull, Soc . Chim., (2), 31. 486, 1879 ; R. J. Meyer and H. Winter, Zeit. anorg. 
Chem., 67. 398, 1910 ; R. J. Meyer and A. Wassjuchnoff, ib., 86. 271, 1914 ; C. R. J. Sterba-Bohm, 
Ball. Soc. Chim., (4), 27. 186, 1020 ; R. J. Meyer, Zeit. anorg. Chem., 86. 267, 1914 ; W. Crookes, 
Phil . Tram., 208. A, 16, 1908 ; 210. A, 369, 1910 ; Chem. Newt, 96. 274, 1908 ; 102. 86, 1010 ; 
O. Matignon and P. Bourion, Compt. Mend., 188. 631, 1904 ; H, Ley, Zeit. phvs. Chem., 80. 193, 
1899; O. Hdnigscbmid, Zeit. Blektrochm., 26. 91, 1919; W. Biltt and W. Kiemin/ J Zeit. anorg. 
Chm., 181 . 22, 1928; W. Bill*, ib., 138. 306, 1924. 



SCANDIUM 


481 


§ 6, Scandium Su lphid e and Sulphate 

F. Wirth i prepared scandium sulphide, Sc 2 Sg, by heating scandium sulphate in 
hydrogen sulphide. The yellow solid is stable in air even at 100°, but it is decom- 
posed by boiling water and by dil. acids with the evolution of hydrogen sulphide. 
L. F. Nilson, and P. T. Cleve made a soln. of scandium sulphate, ScjfSO^g, by 
dissolving the oxide, hydroxide, or carbonate in dil. sulphuric acid. E. Wedekind 
and P. Hausknecht found the mol. magnetism to be —62-5x10""*. The ignited 
oxide dissolved with difficulty in the dil. acid, but readily in the cone, acid 
with the evolution of heat. Unlike most of the sulphates of the rare earths, 
P. T. Cleve showed that when a cone. soln. is heated, it does not deposit crystals, 
for it may be evaporated to a supersaturated syrup which L. F. Nilson found to 
deposit, on standing, globular aggregates of crystalsoftheAex^ydrate,Sc2(S0 4 ) s .6H 2 0. 
W. Crookes found 100 parts of a sat. soln., at 12°, contains 44-5 parts of the anhydrous 
salt. F. Wirth found that the pentahydrate is the stable phase in contact with the 
soln. at 25°, for he said that at this temp. 100 grins, of the sat. soln. contain 28*52 grms. 
of the anhydrous sulphate, and added that, unlike the rare earth sulphates, the 
solubility of scandium sulphate does not decrease with a rise of temp. The hexa- 
hydrate, said W. Crookes, is not deliquescent in the ordinary air of a room even in 
damp weather, but it effloresces in dry air, loses one mol of water, and forms the 
pentahydrate^c^i^O^.bK.fO, which appears to be the most stable hydrate at ordinary 
temp. Scandium sulphate, said W. Crookes, is insoluble in alcohol so that the 
addition of alcohol renders turbid a cone. aq. soln. of scandium sulphate, and a 
heavy oily liquid separates out. This may be separated by filtration through paper 
moistened with alcohol, when the residue is left as a viscid liquid with the composition 
of the hexahydrate. The oily liquid becomes more viscid on exposure to air. When 
a mol of the hexahydrate is heated to 100° for 3 hrs., W. Crookes found that 
four mols of water are expelled and a dihydrale is formed ; and when kept in a 
desiccator over cone, sulphuric acid for 170 hrs., two mols of water are expelled 
and a tetrahydrate is produced. W. Crookes found that a mol of the pentahydrato 
loses nearly five mols of water or about 20 per cent, at 150° ; and at about 500°, it 
loses weight corresponding with a little more than the theoretical amount of water 
because a little basic sulphate is formed. At 250°, the hydrated sulphate loses all 
its water, and becomes anhydrous Sc 2 (S0 4 ) 3 . The anhydrous sulphate is obtained 
by evaporating the acid soln. of the sulphate to dryness so as to get rid of the excess 
of sulphuric acid. At dull redness, say 550°, W. Crookes said that a mol of the 
sulphate loses a mol of sulphur trioxide, forming scandium oxysulphftte, Sc 2 0(S0 4 ) 2 . 
At a higher temp, all the sulphuric acid is expelled and white powdered scandia, 
Sc 2 0 3 , is formed. L. F. Nilson and O. Pettersson give 2'579 for the sp. gr., and 0*1639 
for the sp. ht. between 0° and 100°. It is difficult to expel the last traces of sulphur 
trioxide by ignition, and therefore W. Crookes recommends moistening the ignited 
sulphate with water, adding a little ammonium carbonate, drying and igniting 
again. L. F. Nilson said that when the anhydrous sulphate is treated with water, 
a turbid liquid is produced. The anhydrous salt is hydrated very slowly with water 
before it dissolves. When heated with water, a clear soln. is produced. 

F. Wirth found the solubility of scandium sulphate is at first increased and then 
diminished by the addition of sulphuric acid, thus : * 

* Grins. H,S0 4 per litre . ... 0 24*5 49 0 121*5 243*3 

Grms. 80 ,( 804 ), in 100 grms. soln. . . 28*52 29*5 19*87 8*36 1*32 

Solid phases . . ScJ(ib 4 ),.5H l O Sc^SO^SH.O 

The pentahydrate dissolves in sulphuric acid of sp. gr. 1*6, and crystals of an aok} 
sulphate, scandium trihydro cu l ph at e , Scs(S0 4 ) s .3H 2 S0 4 , or tcandiumiulphuric add, 
HjSc{S 0 4 ) 8 , separate out. The scandium is slowly and incompletely precipitated 
from aq. soln. of the sulphate by the addition of oxalic acid, or sodium thiosul pha te. 
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The eq. conductivity, A, of the soln. is such that Ai 024 — A 32 , is less than would be 
anticipated ; thus contrasting scandium and aluminium sulphates for soln. contain- 
ing a mol of the salt in v litres of water : 

v . .32 04 128 250 512 1024 A 10l4 -A„ 

80,(80,)., . 28-3 33‘8 40*1 47*7 756 72*1 43*8 

Al t (S0 4 ) 3 . 51*1 00 6 71-2 83*1 95*3 1072 56*1 

R. J. MeyeT and co-workers assume that scandium sulphate is really the scandium 
salt, Sc[Sc(S 0 4 ) 8 ], of the complex acid H 3 Sc(S04) 3j for in migration experiments, 
nothing abnormal occurs with scandium nitrate or chloride, but with the sulphate 
much scandium migrates to the anode. R. J. Meyer, and N. Drapier found that 
sodium scandium sulphate, Sc2(SO4) 3 .3Na 2 SO 4 .10H 2 O, or Na 3 Sc(S04) 3 .5H 2 0, can 
be prepared only in the presence of a large excess of sulphuric acid. It is readily 
soluble in water, and, like sodium thorium sulphate, in a cone. soln. of sodium 
sulphate. L. F. Nilson, and P. T. Cleve prepared potassium scandium sulphate, 
Sc 2 (S0 4 ) 2 .3K 2 S04, or K 3 8c(80 4 )3, by adding an excess of a sat. soln. of potassium 
sulphate to one of scandium sulphate. He noted that the salt dissolves with diffi- 
culty even in boiling water, and not at all in a sat. soln. of potassium sulphate. He 
continued : “ The composition of the double salt shows that scandium belongs 
to the group of gadolinite and cerite metals since all these metals give 
salts of the same typical composition.” On the other hand, P. T. Cleve 
gave Sc 2 (S 0 4 ) 3 . 2 K 2 S 0 4 for the composition of the double salt, and he said 

that the salt is soluble in a sat. soln. of potassium sulphate. W. Crookes’ 

analyses of the salt agree with L. F. Nilson’s results, and he found that for 

every 100 c.c. of a cold sat. soln. of potassium sulphate the cq. of 1*473 grms. of 

scandium sulphate remained in soln. R. J. Meyer and A. H. Winter made ammonium 
scandium sulphate, Sc 2 (S0 4 )3.3(NH 4 ) 2 S04, or (NH 4 ) 3 Sc(S04)3, like the potassium 
salt; and R. J. Meyer and co-workers found that when boiled )vith water the 
sparingly soluble double salt Sc 2 (S0 4 )3.2(NH 4 ) 2 S0 4 separated out. R. J. Meyer 
obtained hydrazine scandium sulphate, Sc 2 (S04)3.3(N 2 H 4 ) 2 S0 4 .H 2 0, in a similar 
manner, and found it to be fairly soluble in water. 
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§ 7. Scandium Carbonate, Nitrate, and Phosphate 

According to W. Crookes , 1 scandium carbonate, Sc 2 (C0 3 ) 3 .12H 2 0, is formed as 
a bulky white preoipitate when a soluble carbonate is added to a soluble scandium 
salt. When air-dried it appears to be dodecahydrated. The salt is inclined to 
decompose, and when dried at 100°, it loses a little carbon dioxide. Scandium 
carbonate is very sparingly soluble in cold aq. soln. of sodium or ammonium 
Carbonate, but readily soluble in hot soln. Since under the same circumstances 
yttrium carbonate is sparingly soluble, the difference can be utilized as a basis for 
the fractional separation of yttrium and scandium. When these soln. 
are boiled, crystalline precipitates of sparingly soluble sodium scandium 
carbonate, Sc 8 (C0 8 ) 8 .4Na*C0s.6H s 0, or ammonium scandium carbonate, 
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2Scg(C08)8.(NH4) t C0j.6H 2 0, are formed. R. J. Meyer and H. Winter stated 
that these complex carbonates are less soluble in cold than in hot cone. soln. of 
alkali carbonate, showing that at a lower temp, more easily soluble double salts, 
possibly containing more water, are stable ; the double carbonates dissolve in a 
large volume of cold water, but even in a 2 per cent. soln. the appearance of turbidity 
owing to hydrolysis can be observed after standing 16 hrs., and when the soln. 
are boiled, a basic carbonate or the hydroxide is precipitated. 

P. T. Cleve, and W. Crookes prepared scandium nitrate, Sc(NO s )j.4H a O. 
Scandium hydroxide easily dissolves in dil. nitric acid, and ignited scandia dissolves 
in the hot cone. acid. The acid soln. over sulphuric acid dries to a gummy mass in 
which groups of stellate crystals appear ; while a neutral aq. soln. when cone, on 
the water-bath and cooled furnishes prismatic, colourless crystals of the tetrahydrate. 
The salt is very deliquescent, and readily dissolves in water and in alcohol. When 
heated scandium nitrate decomposes more readily than any of the rare earth nitrates ; 
the crystals get pasty at 100°, but do not melt ; in vacuo, at 100°, the crystals give 
off water, and frit together, without melting, forming the anhydrous salt, Sc(N0 8 ) 3 . 
The dried crystals show signs of melting at 125°, but melt to an opaque white liquid 
at 150°. 

The hydrated nitrate, gradually heated in a silica crucible, fuses and boils, 
becomes opaque and evolves much water. If the heating be stopped at tho proper 
time, the anhydrous nitrate is left, the whole of the water having been driven off. 
On continuing the heat nitrous vapours come off and the liquid becomes clear and 
liquid like water. Increasing the heat turns the liquid brown and drives off more 
nitrous vapours, ebullition becomes sluggish, the fused mass gets white and opaque, 
and finally there remains a white residue of scandia. When partially decomposed 
by heat, and the molten mass extracted with hot water, and the soln. well boiled, 
a basic nitrate, scandium hydroxynitrate, Sc(0H)(N0 8 ) 2 .H 2 0, difficult to filter, 
is formed. When scandium nitrate is heated for 12 hrs. in a hot-air oven at 120°, 
scandium oxynitrate, Sc 2 0(N0 3 ) 4 , is formed. P. T. Cleve noted that a white 
gelatinous precipitate, presumably scandium phosphate, is formed when sodium 
phosphate is added to a soln. of a scandium salt. 
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CHAPTER XXXVIII 

THE RARE EARTHS 

§ 1. The Rare Earths 

La terre out une des quatre substances simples, qu’on nomme 616mens ou principes 
pdmitifs, parcequ’elles sont en effet les plus simples de celles qui entrent dans la combinaisou 
des corps composes. — P. J. Macqukr. 

As indicated in the first chapter, the term earth was in common use by the early 
chemists ; and, up to near the end of the eighteenth century, the earths were con- 
sidered to be elemental. 1 The different kinds of earth were regarded as mixtures of 
the elemental earth with calcareous, argillaceous, arenaceous, and other matters; lime 
thus becomes calcareous earth ; clay, argillaceous matter ; etc. The term was 
then gradually restricted to substances with alkaline qualities which do not melt 
or change when heated ; do not effervesce with acids ; and are almost insoluble in 
water. Thus, near the end of the eighteenth century J. W, Nicholson wrote : 

Chemists sometimes in a gross and inaccurate way call those substances earths which 
remain after the volatile products of distillation have arisen, and which are not soluble in 
water. This is not, however, sufficiently exact, though it is difficult to exhibit a good positive 
definition. Earths are bodies simple with respect to the present powers of chemical analysis, 
brittle, incombustible, infusiblo by the heat of furnaces, not soluble in many hundred times 
their woighVof water, and destitute of that opaque brilliancy which characterizes metals. 
There are few earthy substances which may not be reduced by analysis to one of the five 
following primitive earths ; the siliceous, argillaceous, calcareous, ponderous, and magnesian 
earths ; or otherwise, taken substantively, they are called silex, clay, lime, barytes, and 
magnesia. 

A. L. Lavoisier gave reasons for supposing that these earths are not themselves 
elements, but rather oxides of the elements. This was demonstrated by H. Davy 
in 1808. The term alkaline earths still persists for the oxides of calcium, strontium, 
and barium oxides derived from certain minerals. In 1794, J. Gadolin obtained 
ytfcria ; and in 1804, M. H. Klaproth, and J. J. Berzelius and W. Hisinger 
independently obtained ceria from some comparatively scarce Swedish minerals. 
These products came to be called the rare earths. 

A closer study of the rare earths first prepared has shown them to bo remarkably 
complex, and the rare earth group now includes about sixteen elements, which 
have been generally recognized, and a number of others whose existence has not been 
satisfactorily established. The term “ rare earth ” is interpreted in different ways. 
For example, beryllia, thoria, zirconia, scandia, etc., are sometimes included with the 
rare earths, but the general tendency is to restrict the term to the sesquioxide com- 
ponents of the original ceria and yttria earths. Thoria and scandia, although 
closely associated with the rare earths, are often considered to be outside the group 
of rare earths proper. The rare earths thus comprise a curious group of basic 
oxides of elements which resemble one another so very closely that they appear to 
form a series of compounds with properties which change but slightly in passing from 
member to member. In many of their reactions they resemble aluminium and 
chromium, in others they resemble bismuth, and the alkaline earths. The group 
of rare earths is easily isolated, along with thoria and scandia, by adding oxalic 
aoid to the sulphuric aoid soln. remaining after the removal of the elements whose 
sulphides are precipitated by hydrogen sulphide. According to G, Urbain, the 
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precipitate containing the oxalates of the rare earths is then separated into three 
main groups according to the solubility of their complex salts in a sat. soln. of 
potassium sulphate. Thus : 


TABiiE I.— Sub-Groups of thk Rarr Earths. 


/Insoluble potassium sulphates (Cerium family) 


Insoluble 

oxalate 


(Rare earth) 


Moderately soluble K sulphates (Terbium family) 


Erbium family . 


I lteadilv soluble K sulphates 

N (Yttrium family) 


Ytterbium family 


( (Thorium, Th) 
(Scandium, Sc) 
Lanthanum, La 
Cerium, Co 
Praseodymium, Pr 
Neodymium, Nd 
Samarium, Sa 

I Europium, Eu 
Gadolinium, Gd 
Terbium, Tb 
Dysprosium, Dy 
Holmium, Ho 
Erbium, Er 
Thulium, Tm 
Yttrium, Y 
Ytterbium, Yb 
Lutecium, Lu 


The separation of the group into these families is not so clean and sharply defiued as 
can usually be obtained with other elements ; because, added W. Crookes, as 
ordinarily understood insolubility is a fiction, and separation by precipitants is 
impossible. With our present knowledge it is extraordinarily difficult and in some 
cases impossible to separate the members of these series one from the other, and 
there is even the uncomfortable uncertainty that some of the so-called elements are 
not really homogeneous chemical individuals. The rare earths are in many cases 
so closely related that they can be separated into parts which give evidence of 
chemical individuality only by very special and laborious methods. The 
fractionation of the rare earths is described later. 

In 1886, W. Crookes argued very ingeniously that the closeness of the relation- 
ship between the metals of the rare earths makes it probable that these elements 
are modifications of one common element. For example, by a laborious process 
of fractionation, W. Crookes subdivided yttria into some eight components with 
different phosphorescent spectra, but the difference in the chemical properties of 
the fractions was so slight that, if it were not for a slight difference in the solubilities 
of the different fractions in ammonia, they could not have been separated 
from one another. W. Crookes points out that the original yttrium passes muster 
as an element. It has a definite at. wt., it enters into combination with other elements, 
and it can be separated from them as a whole ; but, the searching process of fractiona- 
tion sorts the atoms of yttrium into groups with different phosphorescent spectra, 
and presumably with different at. wt., though, from the usual chemical point of view, 
all the groups behave alike. W. Crookes added : “ Here, then, is a so-called element 
whose spectrum does not emanate equally from all its atoms ; but some atoms 
furnish some, other atoms othere, of the lines and bands of the compound spectrum 
of the element. Hence, the atoms of this element differ probably in weight, and 
certainly in the internal motions they undergo. Assuming that the principle is 
of general application to all the elements, and is limited only by our knowledge of 
tests delicate enough to recognize the simpler constituent groups of the different 
elements, it is inferred that there are definite differences in the internal motions of 
the several groups of the atoms of these chemical elements. The seven series of 
bands in the absorption spectrum of iodine, for instance, may prove not to emanate 
from every molecule, but “ some of these molecules may emit some of the series, 
others others, and in the jumble of all these molecules, to which is given the name 
* iodine vapour,’ the whole seven series are contributors.” W. Crookes thus intro- 
duced the conception of what he called meta-etementf for those fractional parts of 
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an element which resemble one another much more closely than one ordinary 
element resembles any other. The properties of the ordinary elements are supposed 
to be an average of the properties of aggregates of several meta-elements. The 
hypothesis did not survive a closer Btudy of the cathodic phosphorescent spectra 
(vide infra), but was resuscitated as the so-called theory of isotopic elements 
(4. 25, 9). 

Tho following monographs deal with the rare earths : C. R. Bohm, Die Verwendung der 
seltenen Erden, Leipzig, 1913; Die Darstellung der aeltenen Erden, Leipzig, 1906; Die 
Fabrikolion der Olilhkdrper ftir GasglUhlicht, Halle a. S., 1910 ; S. J. Johnstone, The Rare Earth 
Industry , London, 1916 ; P. Nicolardet, Industrie des mftaux secondaires et des terres fares , 
Paris, 1908; J. Schilling, Hew Vorkommendcr seltenen Erde im Mineralreiche, Stuttgart, 1904; 
J. F. Spencer, The Metals of the Rare Earths, London, 1919; S. I. Levy, The Rare Earths — 
Their Occurrence, Chemistry, and Technology, London, 1915 ; J. von Panayeff, Verhalfen der 
Wichtigsten seltenen Erden zu Reagentien, Halle a. S., 1909 ; J. Herzfeld and O. Korn, 
Chemie der seltenen Erden, Berlin, 1901 ; P. Truchot, Les terres rares — minlralogie, 
proprMUs, analyse, Paris, 1898 ; E. Cahen and W. O. Wooton, The Mineralogy of the Rarer 
Metals, London, 1912 ; P. E. Browning, Introduction to the Rarer Elements , New York, 1917 : 
J. Ohly, Analysis, Detection, and Commercial Value of the Rare Metals, Denver, 1903 ; 
G. Wyrouboff and A. Vemeuil, La chimie des terres rares, Paris, 1903; P. T. Clove, 
Mitaux terreux, Paris, 1884; R. J. Moyer, Bibliographic der seltenen Erden, Ham- 
burg, 1905 ; W. H. Magee, Indexes to the Literatures of Cerium and Lanthanum, 
Washington, 1895 ; A. C. Langmuir, Index to the Literature of Didymium, 1842-1893, 
Washington, 1894 ; 0. H. Joiiet, Index to the Literature of Thorium, 1817-1902, Washington, 
1903 ; J. Koppel, Die Chemie des Thoriums, Stuttgart, 1901 ; R. J. Meyer and O. Hauser, 
Die Analyse der seltenen Erden und der Erdsauren, Stuttgart, 1912 ; E. White, Thorium and 
its Compounds, London, 1912 ; H. Kellermann, Die Ceritmetalle and ihre pyrophoren 
Legierungen, Halle a. S., 1912, 


References, 

1 P. J. Maoquer, Dictionnaire de chymie , Paris, 4 . 53, 1778 ; J. W. Nicholson, A Dictionary of 
Chemistry, London, 1, 298, 1795 ; A. L. Lavoisier, Traill de chimie, Paris, 2 . 194, 1801 ; H. Davy, 
Phil. Trans., 98 . 1, 333, 1808; W. Crookes, B.A. Rep., 558, 1886; G. Urbain, Ann. Chim. 
Phys., (7), 19 . 184, 1900; J. Gadolin, Crell's Ann., i, 313, 1796; Svenska Akad. Ilandl., 15 . 137, 
1794; J. J. Berzelius and W. Hisinger, Gehlens Journ., 2 . 303, 397, 1804; M. H. Klaproth, ib., 
2 . 303, 1804; CrelTs Ann., i, 307, 1801; Sitzber. Akad. Beilin., 155, 1804; Beitrage zur 
chemischen Kenntniss der Mineralkorjier, Berlin, 1 . 227, 1795 ; 3 . 52, 1802 ; 4 . 142, 1807. Vide 
1. 1, 15 ; 1. 8, 10 ; 2 . 20, 1 and «. 


§ 2. The History of the Rare Earths 

The false may bo true through ignorance, and the true may be false in the light of new 
knowledge. — C. Baskerville. 

Sein und das nioht Sein sind namlicho. -G. W. F. Hegel. 

In 1762, A. J. Cronstedt 1 described a new mineral—; ferrum caldforme , terra 
quadam incognita intime mixtum — which he found associated with copper pyrites in a 
quarry near Ryddarhyttan, Sweden ; he called the mineral Tungstein, or heavy stone. 
C. W. Scheele examined a specimen of J. C. Wallerius’ lapides stanniferi spathacei , 
or Tennspath, i.e. heavy stone, from Bohemia, and found it contained lime and 
tungstic oxide. A. J. Cronstedt’s tungstein did not contain tungstic oxide, and it 
was regarded as a false variety of tungstein. T. Bergman (1780), and J. J. y Don 
Fausto d’Elhuyar (1784) showed that the two minerals are distinct, and that while 
the Bohemian mineral is a calcium tungstate, scheelite, the Ryddarhyttan mineral, 
is a silicate of calcium and iron. The analysis of M. H. Klaproth, who called the 
mineral ochroite, and J. J. Berzelius and W. Hisinger, who called it cerite, showed that 
T. Bergman, and J. J. y Don Fausto d’Elhuyar had mistaken the rare earths for lime. 

In 1794, J. Gadolin 2 discovered the first of the rare earths in a heavy black 
mineral which had been found at Ytterby. He obtained about 38 per cent, ot the 
new oxide from the mineral, and noted that it resembled in some ways calcium oxide 
and in other ways alumina. J. Gadolin proposed to call the oxide ytterbia , and the 
mineral ytterbite. A. G. Ekeberg (1797) verified J. Gadolin's observations and 
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proposed to call the earth yttria, after the locality Ytterby, where the mineral 
was found, and the mineral from which ytterbia was obtained was termed yttria- 
itone, but later, the name was changed to gadolinitr, after J. Gadolin ; a few years 
later, he discovered tantalum in a sample of yttria-stone, and hence named it 
yUrotatUalile. The discovery of yttria was confirmed by M. H. Klaproth and 

L. N. Vauquelin, who analyzed gadolinite and described some properties of yttria. 
Both J. J. Berzelius, and N. J. Berlin studied yttria, and they considered it to be 
homogeneous, and a chemical individual ; but T. Seheerer noticed that when yttria 
was heated in an open vessel, it became yellow ; and when re-heated in a reducing 
atm., the yellow colour disappeared. He therefore inferred that yttria contains 
anqther earth which forms a yellow powder when heated in air. In 1842, in a paper 
entitled Nagot om Cer och Ixinthan, G. Mosander described how by the fractional 
precipitation of the oxalates by oxalic acid from acid soln., and of the hydroxides 
by dil. aq. ammonia, the old yttria could be separated into three new earths. In 
both processes, erbia separated first, terbia next, and yttria last. He called the most 
basic one yttria ; the least basic one erbia ; and the intermediate one terbia. The 
names erbia and terbia were formed from the letters of the word Ytterby, the name 
of the locality where gadolinite was found. Yttria was white and gave colourless 
salts ; erbia was orange-yellow and gave colourless salts ; while terbia was white 
and gave rose-coloured salts. C. G. Mosander’s results were confirmed by several 
other chemists - -J. J. Berzelius, L. Svanberg, and T. Seheerer. The fractional 
decomposition of yttrium nitrate by heat furnished N. J. Berlin two of 
C. G. Mosander’s earths — white yttria, and white terbia. J. J. Berzelius and 
subsequent writers called (\ G. Mosander’s terbia, erbia. He could not find 
C. G. Mosander’s erbia, now called terbia. 0. Popp in 1864 repeated the work, 
and failed to find either erbia or terbia, and he suggested that the so-called erbia 
is a mixture of cerite earths, and terbia a mixture of erbia and yttria. M. Dela- 
fontaine, however, maintained that both C. G. Mosander’s erbia and terbia were 
chemical individuals, and he obtained the former by fractional precipitation with 
potassium oxalate and removed the yttria and terbia with potassium sulphate ; 
the remaining terbia and yttria were separated by fractionating the oxalates and 
dissolving out the yttria by repeated treatment with dil. acids. In 1866, J. F. Bahr 
and R. Bunsen, and in 1872, P. T. Cleve and M. Hoglund, corroborated N. J. Berlin’s 
observations, and succeeded in preparing white yttria, and N. J. Berlin’s erbia, i.e. 
C. G. Mosander’s terbia. N. J. Berlin, 0. Popp, J. F. Bahr and R. Bunsen, and 
P. T. Cleve and M. Hoglund failed to get terbia, i.e. C. G. Mosander’s erbia. The 
doubts as to the existence of terbia were removed when M. Delafontainc, and 

J. C. G. de Marignac each succeeded in preparing specimens. In 1905, G. Urbain 
prepared terbia of a high degree of purity; and C. James, G. Urbain, and 

K. A. Hofmann have prepared moderately pure erbia. 

M. Delafontaine treated a soln. of yttria with a sat. soln. of sodium sulphate containing 
crystals of the salt, and fractionated the nitric acid soln. of the precipitate as oxalate ; the 
first fractions were treated with formic acid when crystals of terbium formate separated 
from the cone, soln, The portion soluble in the sodium sulphate soln. contained an earth 
not so deeply coloured as terbia, and it also gave a base of lower mol. wt. It was therefore 
concluded that a new element was present which was named phiHppiuitv- -at. wt, 121 to 123 ; 
and characterized by an absorption band in the violet, A ==450. The existence of M. Dela- 
fontaine' a philippium was disputed. J. L. Soret considered it to be identical with an earth-X , 
which he regarded as the source of a series of absorption bands in his examination of the 
spectrum of J. C. 0. de Marignac 's terbia and erbia preparations. M. Delafontaine 
maintained his philippium to be identical with P. T. Cleve’s holmia, and J. L. Soret’s earth*X, 
but P. T, Clove denied this. H, E. Roscoe fractionated the sulphates of terbia with potassium 
sulphate and refractionated the first portions with formic acid, but obtained nothing more 
than a mixture of yttria and terbia. W. Crookes also denied the individuality of philippia. 

M. Delafontaine indicated methods by which he considered philippia could be obtained, but 
G. Urbain showed that M. Delafontaine was mistaken. 

J. C. G. de Marignac fractionated the nitrates from yttria earth, and obtained 
yttria at one end of the series and erbia at the other. K. A. Hofmann and G. KrUss 
vol. v. 2 k 
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also fractionally precipitated a soln. of terbia with aniline hydrochloride and obtained 
what appeared to be two new earths with elements of at. wt. 148-150, and 160 on 
the assumption that they were tervalent. They also showed that erbia is complex 
when fractionated with aniline hydrochloride. G. Kriiss also doubted the 
individuality of erbia ; for, by fractionating an alcoholic soln. with aniline, and 
treating the middle portions with ammonia, he could not obtain an earth with a 
constant mol. wt. J. F. Bahr discovered the beautiful spectrum of erbia, and 
W. Crookes mapped the spectral lines. In 1886, L. de Boisbaudran showed that after 
terbia had been freed from gadolinia and dysprosia, it still appeared complex on 
fractionation. In 1895, L. de Boisbaudran called attention to an absorption band 
A— 4877 in his preparation of terbia ; he could not assign this band to any kn<jwn 
element, and he provisionally assumed the existence of a new element which he 
termed Z $. W. Crookes found characteristic phosphorescent spectra in the ultra- 
violet in terbia, and he attributed the results to the presence of two new rare earth 
elements which he named incognitum and ionium. C. A. von Welsbach expressed 
the view that terbia is a complex with at least three different components ; C. James 
and D. W. Bissel fractionated terbia by the bromate process, and found it to be 
homogeneous— a chemical individual. 

J. C. G. de Marignac tried to isolate M. Delafontaine’s philippia by the fractiona- 
tion of the nitrates, and he isolated a colourless earth which he called ytterbia. It 
had no absorption spectrum, and assuming the element to be tervalent, its at. wt. 
was 172. The spark spectrum of ytterbia was studied by R. Thalen and by L. de 
Boisbaudran. L. F. Nilson verified the existence of ytterbia, and gave 173 for the 
at. wt. In 1907 G. Urbain, and in 1908 0. A. von Welsbach independently found 
ytterbium is really complex. The latter termed the components aldebaranium 
and cassiopoium ; the former, neoytterbium and lutecium. The latter terms have 
been adopted by the International Committee on at. wt. C. A. von Welsbach 
also expressed the opinion that ytterbia contains yet a third element characterized 
by lines which are not present either in neoytterbium or lutecium ; and G. Urbain, 
in 1911, announced that the lutecium which he obtained by the fractional crystalliza- 
tion of the nitrates from gadolinite furnishes another earth which he named celtium, 
and which is characterized by its arc spectrum and low magnetic susceptibility, 
but all the evidence adduced proved to be worthless. In the spring of 1922, 
A. Dauvillier found that a trace of an element with an X-ray spectrum corresponding 
with that of an unknown element, No. 72 in the periodic table, was contained in 
these residues, and it was proposed to call it by the very name previously employed 
for an element which did not exist — vide hafnium. J. M. Eder found that two 
fractions from C. A. von Welsbach’s preparations of aldebaranium, showed lines 
characteristic of two elements which he named denebium and dubhium. 

During his work on ytterbia, L. F. Nilson obtained a white oxide with a lower 
cq. wt. than ytterbia, and, suspecting the presence of a new element, he isolated an 
earth which he named sc&ndift. The at. wt. of the element, 44, and the properties 
of the compound corresponded with those predicted by D. I. Mendeleeff for ekaboron. 
P. T. Cleve verified the individuality of scandium, and placed the at. wt. a little 
higher than L. F. Nilson. The spark spectrum of scandium was studied by 
R. Thalen. 

P. T. Cleve showed that the fractional crystallization of J. C. G. de Marignac’s 
erbia and terbia materials furnished three earths each of which is characterized 
by an absorption spectrum ; and each spectrum is a portion of that which had been 
ascribed to erbia. The corresponding elements were called erbium, at. wt. about 
166 ; and holmium and thulium, with at. wt. between 170 and 171. J. L. Soret, and 
P. T. Cleve believed that the earth-X was identical with holmia, and M. Delafontaine, 
that his philippia was identical with both holmia and the earth-X ; but P. T. Cleve 
showed tnat holmia gave an absorption spectrum while philippia gave none. L. de 
Boisbaudran fractionated holmia and resolved it into two portions — one had absorp- 
tion bands A=640‘4 and A=536‘3, while the other had absorption bands A=4515 and 
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A=7530. The first two bands were those attributed by P. T. Cleve, and J. L. Soret 
to holmia, and hence the same name was reserved for this fraction. The other bands 
were attributed to a new earth which was named dysprosia. In 1906, G. Urbain 
obtained dysprosia of a high degree of purity. W. Crookes stated that he had 
isolated an earth with an absorption band A==451*0, and therefore inferred that 
dysprosia is itself complex. L, de Boisbaudran agreed with this conclusion. 
G. Kriiss and L. F. Nilson found that the absorption spectra of thulia indicates that 
the earth is a complex of two components ; dysprosia, three ; and holmia, four. 
K. A. Hofmann and G. Kriiss also concluded that holmia is a complex earth. In 
1911, 0. Holmberg obtained holmia of a high degree of purity. The absorption 
and spark spectrum of thulia has been studied by R. Thalen. In 1911, C. James 
obtained thulia of a high degree of purity. 

L. de Boisbaudran examined the spark spectra of soln. of terbia, and he con- 
cluded that two bands, at A—5730 and A— 543*2, are caused by two elements which 
he called respectively Z (l , and Z#, and later, another band corresponding with a 
third element, Z y . Soln. of yttria showed no such spectrum. By the method of 
fractional precipitation with ammonia, W. Crookes claimed to have separated the 
original yttria into nine new earths or oxides of what he called meta-elements, for 
he showed that all the nine differed from each other and from the original earth. 
He provisionally posited these supposed elements : 

Sy, Ga, G^, Gy, G§, Gf, G{, Gq. 

Some, not all, of these earths when sealed up in exhausted tubes and subjected to 
the induction discharge, phosphoresce. Their phosphorescent spectra are to a certain 
extent different, and this the more the further the earths were removed from one 
another in respect of their basicity. The extreme fractions showed considerable 
differences in their phosphorescent spectra, but the only chemical property in which 
they appear to differ is a slight difference of basicity among themselves. There 
are no perceptible differences in the at. wt. of the fractionated earths ; spark-spectra 
of the original yttria, the earth Gr/ and the earth Gs were exactly the same. 
G. Kriiss and L. F. Nilson assumed that each absorption band in the spectrum of a 
rare earth corresponds with a different element, and hence inferred that the absorp- 
tion bands of erbia, holmia, didymia, samaria, and thulia showed that these earths 
are really composed of twenty different elements. There is, however, no foundation 
for the assumption. W. Crookes made the extraordinary suggestion that only the 
lines due to the impurity could be observed in the spectrum of an earth and none 
due to the earth itself. He said : 

Tho nine oarths are chemical elements differing in basic powers and several other chemical 
and physical properties, but not sufficiently to enable us to effect any but a partial separa- 
tion. Thus, Ga, for instance, gives a certain spectrum under the influence of the electric 
spark ; the other earths, Gf, G„, . . . are contaminated with a certain quantity of this 
Gj ; and bo tho spectra of those other earths G«-, G« . . .is that of Ga and Ga only, they 
themselves presumably not having any spectra at all, or what they do have is masked by 
the greater intensity of that of Ga . 

W. Crookes then argued that the fractionated earths are to be regarded as iso- 
morphoua bodies composed of the same atoms arranged in different ways within the 
molecule. He said : 

Elements are not so simple as we suppose. Our notions of a chemical element have 
expanded. Hitherto tho molecule has been regarded as an aggregate of two or more atoms, 
and no account has been taken of the architectural design on which the atoms have been 
joined. We may consider that the structure of a chemical element is more complicated than 
has hitherto been supposed. Between the molecules we are accustomed to deal with in 
chemical reactions, and ultimate atoms as first created, come smaller molecules or aggregate# 
of physical atoms ; these submoleculee differ one from the other according to the position 
they occupy in the yttrium edifice. We may consider them similar to the carbon atoms in 
the benzene ring which have the impress of their position, 1, 2, 3, 4, 5, stamped on them. 

The sole ground upon which this argument is based is the difference in the phos- 
phorescent spectra of the fractionated earth. Although W. Crookes stated that the 
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more this method is used the more reliable it appears, ret he ah* i 
bright orange line A=269 3 is found in the speotrmn ^ ra ktu r e of a am^^ , ' V iat .* 
Births which has been treated with sulphuric acid and ignited Tf th ,' lri1 Wm 
are mechanically mixed without the acid treatment, no orange li„! ■ tl ',° eart!l8 
nor is the orange line obtained either with the earth alone, or wit! eKhLkrtW^ 
With but a small proportion of the other. As H. M. Vernon showed A/, w d 

ZT r 7 VI ^to*&*'*i^** loVtbZ 

mrf wM tie fact that the spectra of salts which are not decomposed into their 
constituents by heat are often very different from the spectra of the constituent 
elements. Hence also it follows as an alternative to W. Crookes’ hypothesis that 
the phosphorescent spectra of the Crookes’ nine earths G H , G^, . . . are produced 
by combinations of two or three simple earths. This view is further supported by 
*W . Crookes’ observation that when his new earths are mixed with varying proportions 
of lime or baryta and ignited, different phosphorescent spectra are again obtained. 
The nature of the spectrum is dependent on the nature and proportion of the admixed 
base. W. Crookes has emphasized the fact that the merest trace of a certain earth, 
unable to be detected by chemical means, can cause great variations in the spectrum 
of another earth. He said : 


One important lesson taught by the many anomalies unearthed in these researches is that 
inferences drawn from spectrum analysis per se are liable to grave doubt, unless at every 
step the spectrosoopist goes hand in hand with the chemist. Spectroscopy may give valuable 
indications, but chemistry must after all be the final court of appeal. 

The argument that an element can be decomposed into meta-elements by fractional 
precipitation is based on the power of phosphorescent spectra to distinguish 
between the unequivocally different elemental forms of matter. The spectral 
evidence, however, is considerably weakened by the fact that the spectrum of an 
earth can be greatly altered by admixture or combination with another earth. 
The difficulty is enhanced by the fact that it is almost if not quite impossible to 
obtain by fractionation, earths which are quite free from other earths present as 
impurities, and this the more because the earth under consideration may have 
properties very like those of half a dozen other earths. There is a large number of 
these earths with very similar properties, and the resemblance is the closer the larger 
the at. wt. of the elements under consideration. The fact that yttria obtained from 
different minerals gave phosphorescent spectra of varying intensity was taken by 
W. Crookes to mean that a partial separation had occurred in nature. L. de Bois- 
baudran, and E. Demar^ay also opposed W. Crookes’ hypothesis and conclusions. 
The former showed that pure yttria gave no phosphorescent phenomena ; and the 
fluorescent bands obtained by W. Crookes were attributed to the presence of foreign 
earths — Z u and Zp, in fact — very difficult to remove from yttria. W. Muthmann 
and E. Baur, E. Baur and R. Marc, G. H. Bailey, P. Schottliinder, etc., showed that 
the intensity and nature of the phosphorescent spectrum and absorption bands can 
be varied in a marked way by the addition of traces of foreign substances ; and 
G. Urbain demonstrated that the phosphorescent spectrum of varying mixtures of 
gadolinium and terbium sulphates contain the very bands which W. Crookes 
attributed to meta-elements G a , G^, ionium and incognitum. 

In 1896, P. Barrifcre announced the existence of a new metal which he named 
lucium. The earth from which it was derived occurred in the yttria earths separated 
from monazite. The at. wt. 104 was assigned to it. W. Crookes, however, showed 
that lucia is really yttria mixed with didymia, erbia, and terbia. This was con- 
firmed by W, Shapleigh, who found that a sample of lucia contained 94 per cent, 
of yttria earths, 3*7 per cent, of ceria earths, 1*1 per cent, of thoria, and 1*2 per cent, 
of other oxides. P. Schiitzenberger and 0. Boudouard fractionated yttria earths from 
monazite sands, and at the lower limit of fractionation they obtained an earth 
with a tervalent metal of at. wt. 95 to 102. G. P. Drossbach also obtained a similar 
earth from monazite, and E. Boudischowsky fractionated the yttria earths with acetyl 
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koetone, and also obtained a lower limit. 0. Urbain showed that by fractionation 
fwith ethyl sulphate this hypothetical earth could be resolved into terbia, at. 
wt. 151*4, at one end, and yttria, at. wt. 89, at the other ; he then concluded that 
the hypothetical earth is principally yttria mixed with some erbia and terbia. The 
separation of a base with a constant mol. wt. as the lower limit of a series of fractions 
is a phenomenon which does not establish the existence of a new element, for 
A. E. Nordenskjold made a rare earth mixture which he knew contained yttria, erbia, 
and terbia, and yet, under these conditions, gave a constant at. wt. 107. In 1898, 
W. Crookes announced the existence of a new element which he called montum, as 
a result of fractionating the yttria earths. The principal lines in the spectrum were 
A=3120 and 3117. W. Crookes later changed the name to vielorium, at. wt. UJ. 
G. Urbain showed that the spectrum and at. wt. of a mixture of 58 parts of yttria 
and 226 parts of gadolinia is the same as that of W. Crookes’ victorium. E. Baur 
and R. Marc came to a similar conclusion. 

In 1803, soon after the discovery of yttria in 1794, M. H. Klaproth, and 
J. J. Berzelius and W. Hisinger simultaneously found another new earth, termed 
ceria, in the minerals cerite, and tungstein or ochroite. Ccria resembled yttria in 
many respects, but unlike yttria was insoluble in ammonium carbonate, and acquired 
a light brown colour on ignition, and hence M. H. Klaproth suggested the name 
ochroite for the earth. In 1814, J. J. Berzelius showed that yttria derived from 
orthite contained considerable quantities of ceria. B. Brauner expressed the belief 
that what is now recognized as ceria is mixed with another element which he termed 
metaceria . The former is white, the latter rose-brown. G. P. Drossbach could not 
confirm the existence of metacerium ; nor did B. Brauner mention its existence in 
his later work. P. Schutzenberger and 0. Boudouard doubted the individuality of 
ceria, but G. Wyrouboff and A. Vcrneuil showed that they worked with impure 
specimens. In 1817, J. J. Berzelius isolated an earth which he called thorine , but 
in 1824, he showed that thorine is a phosphate of impure yttria. In 1828, J. J. Ber- 
zelius isolated the thoria from the mineral thorite ; and in 1851, C. Bergemann, after 
extracting thoria from the mineral orangeite, obtained a fraction which he stated 
contained an unknown element to which he gave the name dvnarium. A. Damour, 

N. J. Berlin, and M. Delafontaine stated that donarium is really a mixture of 
thorium, lead, and uranium, and about the same time C. Bergemann was convinced 
that his report was premature. 

In 1839, 0. G. Mosander showed that ceria is really a complex earth. He was 
able to separate from it a white earth, lanthana, and later he obtained didymia from 
the same source. The means of detecting the element didymium found by 
C. G. Mosander (1842) in ceria and lanthana, were so imperfect that R. Hermann 
argued against its very existence. J. H. Gladstone, however, demonstrated that 
soln. of its salts possess a peculiar absorption spectrum ; and this was soon followed 
by the application of the spectroscope to detecting small quantities of the rare 
earths and guided chemists in the better purification of ceria, lanthana, and yttria. 
J. H. Gladstone mentioned two absorption bands ; 0. L. Erdmann, seven ; 

O. N. Rood, twelve; and J. F. Bahr and R. Bunsen, eleven. L. de Boisbaudran 
showed that some of the bands formerly attributed to didymium really belonged 
to samarium. G. Kriiss and L. F. Niison in a paper : Was bedeutet Dym l showed 
that didymia derived from different localities gave an absorption spectrum with 
bands of varying intensity, and hence concluded that the so-called didymium is 
probably complex; and P. T. Clcve, C. M. Thompson, and H. Becqucrel came to 
a similar conclusion. In 1882, B. Brauner also expressed the opinion that didymia, 
from which all known earths have been removed, is a mixture, and in 1885 C. A. von 
Welsbach discovered that didymium when freed from samarium is a mixture of two 
elements which he named praseodidymium and neodidymium , terms which were soon 
abbreviated to praseodymium and neodymium. The salts of the former wet© 
green, and of the latter, rose-red. G. Kriiss and L. F. Niison examined praseodymia 
and neodymia spectroscopically, and concluded that at least eight elements are 
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present ; C. M. Thompson also assumed that at least five elements are present. 
W. Crookes added : Neodymium and praseodymium are not to be considered to 
be the names of actual elements, but rather the names of complex groups of molecules 
with which the complex molecule didymium splits up by one particular method of 
fractionation ; other methods of fractionation would probably split didymium into 
different products. W. Muthmann and L. Stiitzel, and C. R. Bohm denied the 
elementary nature of praseodymium. No confirmation of the complexity of praseo- 
dymia has been obtained, although K. von Chrustchoff claimed to have obtained a 
third constituent which he called glaucodidymia or glaucodymia , and which furnished 
blue salts. 

m While analyzing the rare earth mineral samarskite, from North Carolina, 
J. L. Smith isolated an earth which he called mosandra ; he considered the earth to 
be new because of the insolubility of its double potassium sulphate in a sat. soln. 
of potassium sulphate. J. C. G. de Marignac showed that solubility is only a relative 
quality, and considered mosandra to be identical with terbia ; this view was shared 
by M. Delafontaine. Some years later, L. de Boisbaudran found a sample of 
mosandra to contain didymia, samaria, gadolinia, and terbia. In 1878, M. Dela- 
fontaine described a new oxide decipia which he had extracted from impure didymia 
derived from samarskite. The element, assumed tervalent, was stated to have an 
at. wt. 159, and to be characterized by absorption bands A=4160 and 478 0. 

L. do Boisbaudran observed some new lines in the spectrum of impure didymia 
from samarskite. The absorption spectrum showed two strong bands in the blue — 
A=4800 and 4635— and three faint ones, one of which coincided with A=416 of 

M. Delafontaine’s decipia. Finally, he separated from decipia a new earth which he 
called samaria, and which exhibited three of these absorption bands. Meanwhile, in 
1880, J. C. G. de Marignac isolated two new earths from samarskite, one he called 
y a and the other y$. The mixed earths were fractionated by partial decomposition 
of the nitrates, and by precipitation with a sat. soln. of potassium sulphate. The three 
fractions were (i) soluble in less than 100 vols. of the potassium sulphate soln. ; 
(ii) soluble in 100 to 200 vols. of potassium sulphate soln. ; and (iii) still less soluble. 
The fraction (i) was termed y a , and fraction (iii), y fi . J. L. Soret showed that 
spectroscopically yp and samaria are identical, and that decipia resembles neither 
yp nor y«, but was probably a mixture of both y a and yp. The residue remaining 
after the separation of samaria from decipia was found to bo a mixture of y a and 
samaria. In his memoir : Sur les terres de la samarskite, J. C. G. de Marignac, 
speaking of y a , said : 

L’existence do cetto base commo terro distincto ost rendue Evidento par le fait quo son 
Equivalent eat un maximum entre cellos qui l’avolsinont par lour solubility dans lo sulfate 
de potasse. . . . Elle ne snurait etro confondue aveo aucune de cellos qui ont EtE signalEes 
jusqu’ici. 

In 1886, L. de Boisbaudran obtained a purified form of y a , and named it gadolinia. 
In 1905, G. Urbain obtained gadolinia of a high degree of purity. Thus did decipia 
disappear from the list of rare earths. Still further, W. Crookes showed that 
J. C. G. de Marignac’s earth, provisionally named y a , possessed a spectrum analogous 
to that of a mixture of samaria 39, and yttria 61, which had been ignited with 
sulphuric acid, except that a citron band present in the artificial mixture is absent 
from the spectrum of the y a earth. Hence, added W. Crookes : 

The earth Ya is shown to consist of samaria with the greenish-blue band of yttria, and 
some of the other yttria bands added to it. It proves further that the citron band, which 
was hitherto regarded as one of the essential bands of the yttria spectrum can be entirely 
removed, whilst another characteristic yttrium group, the green double band, can remain 
with heightened brilliancy. If, now, it were possible to remove the citron-band-forming 
body from this mixture, the earth Ya would be left behind ; in fact, the earth Ya would have 
been recomposed from its elements. 

Consequently, as H. M. Vernon has pointed out, the spectral test is unreliable, 
whether the earth ya is identical with or distinct from the yttria-samaria earth. 
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L. de Boisbaudran did not accept W, Crookes’ conclusion. A. Bettendorf! separated 
gadolinia from samaria, but could get it to yield no spark spectrum. The spectra 
assigned by W. Crookes to the meta-elements, Go, G/ 9 , and Gf, are duplicated by 
mixtures of terbium and gadolinium. E. Demar^ay reported four elements were 
revealed by the spectroscopic examination of gadolinia, terbia, crbia, and yttria 
earths ; these elements were provisionally designated T, A, 12, and ©. The spark 
spectrum of the brown oxide obtained from the most soluble portions of d&)h assez 
pur gadolinium magnesium nitrate furnished the lines 3704*3, 3703*2, *3676*7, 
3568’4, 3561*7, 3540*2, 3523*4, 3508*5, which possibly belong to pure terbium, but 
since the purity of the material used was indeterminate, they are attributed pro- 
visionally to an element denoted by 1\ In some less coloured oxides, the following 
lines were observed, possibly belonging to the earth Z y of L. de Boisbaudran : 4212 6, 
4195*5, 4187*3, 3978*6, 3945*0, 3595 0, 3550*0, 3531*3. The element producing 
these lines is denoted by A. In some yttrium, containing fractions intermediate 
in solubility between holmium and erbium, two intense lines, 3967*9 and 3930*9, were 
recorded, belonging to the hypothetical element 12. In the spectra of the slightly 
basic earths, intermediate between erbium and ytterbium, the two lines 4008*2 and 
3906*5 are very intense ; these are attributed to an element 0. 

In 1883, P. T. Cleve made an extended examination of samarium. He con- 
sidered it to be a chemical individual, and described many of the salts. Three 
years afterwards E. Demaryay separated a new element from P. T. Clove’s samaria, 
and designated it Sj. A. Bettendorf! could not confirm K. Dcmar^ay’s result, but 
in 1892, L. de Boisbaudran found that samaria is really complex, for, when 
fractioned with ammonia, the least basic fractions differed from the other fractions 
in showing a spark spectrum with three new blue lines, and a reversion sped rum with 
a new band between A -6110 and 4593. 

Jn the reversion spectrum, an induc tion spark is tuken between tbo surfaces of a cone, 
acid sola, of the chloride and a clean platinum wire a few millimetres apart. Tho wire is 
kept, negative, tho sola, positive. A thin fluorescent light appears at the surface of the 
liquid. This layer gives a spectrum of nebulous bands. L. do Boisbaudran called such 
spectra leu spectres dc renverstmcrU because tho direction of the spark is tho roverso of that 
commonly employed. 

Ho attributed the new spark lines to an clement which he provisionally called Z e , 
and the band likewise to an element Z c . He expressed no opinion as to the identity 
of the two elements. In 1893, he showed that Z c is closely related with W. Crookes’ 
Sj, which exhibited an anomalous band in tho phosphorescent spectrum of the rare 
earths. In 1896, E. Demar^ay fractionally crystallized samarium nitrate, and 
obtained a new earth which he designated 2, in addition to gadolinia and samaria. 
The third component was readily soluble in nitric acid, its double potassium sulphate 
was readily soluble, and the base was feebly basic. C. Benedicks could find no 
signs of E. Dema^ay’s 2. In 1906, E. Demar^ay fractionally crystallized the 
double magnesium nitrate, and obtained the new earth fairly pure. He identified 
it with the Ss of W. Crookes and the Z e and Z( of L. do Boisbaudran, all of which 
were shown to be the same earth which was called europia. In 1917, J. M. Eder 
considered that the spectra of fractions of samaria show the presence of another 
element which he named eurosamarium ; and four years later, he gave spectroscopic 
evidence of a new element lying between terbium and dysprosium, and named it 
wehium in honour of C. A. von Welsbach. 

In addition to thorine, donarium, mosandrum, philippium, decipium, iucium, 
victorium or monium, incognitium, and ionium, many other elements have been 
reported, but when tested have been found wanting ; there are others — metaceriilm, 
glaucodymium, E. Dema^ay’s Q and denebium, dubhium, eurosamarium — 
which have been reported, but whose claims have not been established. Lists have 
been compiled by F. P. Venable, C. Winkler, P. T. Cleve, H. C. Bolton, and C. Basker- 
ville. 
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In 1811, T. Thomson prepared what he called junonium from the mineral allanite, but 
T. Scheerer and T. Thomson himself later showed that the report was based on an error in 
the analytical work. L. W. Gilbert, in 1818, announced veatium or airium. E. Linnemann, 
in 1886, announced auatrium in orthite, but L. de Boisbaudran, and R. Pribram showed it 
to be impure gallium. J. F. Bahr, in 1862, obtained what he called waamium from orthite 
and gadolinite, but M. Delafontaine, H. P. Stevens, and 0. Popp regarded it as impure cerium ; 
J. Nicklfes, as mixture of y ttria, terbia, and didymia ; and J. F. Bahr himself later identified 
wasmium with thorium. J. L. Smith, in 1884, reported two new elements in samarskite, 
these he called colurribium (not niobium) and rogerium. K. von Chrustchoff, in 1887, 
detected spectroscopically what he thought to be a new element in monazite, etc. ; he 
called it ruaaium , this was later regarded as being similar to P. Barri&re’a lucium — vide aupra 
— L. Wenghdffer said it is a mixture of thorium And cerium. K. Lauer and P. Antsch, in 
1890, announced damarium ; and H. D. Richmond and H. Off, in 1892, maarium in a fibrous 
alum from Egypt. C. Baskerville, in 1901 , reported two radioactive elements, carolinium and 
benelium, in thorium ; K. A. Hofmann and W. A. A. Prandtl, in 1901 , euxenitim, in Norwegian 
euxenite ; but O. Hauser and F. Wirth failed to find any Bigns of the new element in any 
of the known zirconia minerals. B. Kosmann, in 1896, announced two new elements, 
kosmium and neokoemium , which C. Winkler found to resemble lucium. The use of the 
last two mythical elements for gas-mantles was patented. F. Exner and E. Haschek 
announced the existence of a new element E with a definite spectrum ; but J. M. Eder 
showed that the spectrum was produced by the blending of the gadolinium and terbium 
of nearly the same wave-length. 

A large proportion of unconfirmed discoveries of elements belongs to the rare 
earth series, and this may be taken as a tribute to the difficulties attending their 
isolation. There is no adequate test to decide whether a mixture is involved ; it 
is difficult to get definite results ; fractionation may give mixtures which cannot 
be resolved into their constituents ; and spectroscopic results are modified by the 
presence of traces of impurities which cannot be removed. A chronological 
^summary of the announcements of discoveries of new elements derived from the 
rare earth minerals is summarized in Table II, together with an indication of the 
fate of the supposed discovery. 

Table II.— Chronological View of Reported Elements of the Rare Earths. 


Year. 

Reported Element. 

Source. 

Discoverer. 

Remarks. 

1794 

Yttrium 

Gadolinite 

J. Gadolin 

Impure yttria. 

1804 

Cerium 

Cerite 

J. J. Berzelius, etc. 

Impure ceria. 

1811 

J unonium 

Allanite 

T. Thomson 

Erroneous analysis. 

1817 

Thorine 

Cerite 

J. J. Berzelius 

Yttrium phosphate. 

1818 

Vestium 

Allanite 

L. W. Gilbert 

Unverified. 

1828 

Thorium 

Thorite 

J. J. Berzelius 

Element. 

1839 

Lanthanum 

Ceria 

C. O. Mosander 

Element. 

1842 

Didymiuin 

Ceria 

C. G. Mosander 

Mixture. 

1843 

Terbium 

Yttria 

C. G. Mosander 

Erbium since 1860. 

1843 

Erbium 

Yttria 

C. G. Mosander 

Terbium since 1877. 

1861 

Donarium 

Orangeito 

C. Bergemann 

Mixture. 

1862 

Wasmium 

Orthite 

J. F. Bahr 

Mixture. 

1878 

Mosandium 

Samarskite 

J. L. Smith 1 

Mixture. 

1878 

Philippium 

Deoipium 

Yttria 

M. Delafontaine 

Mixture. 

1878 

Samarskite 

M. Delafontaine 

Mixture. 

1878 

Ytterbium 

Erbia 

J. C. G. de Marignac 

Mixture. 

1878 

X 

Erbia 

J. L. Soret 

Holmium. 

1879 

Scandium 

Ytterbia 

L. F. Nilson 

Element. 

1879 

Samarium 

Didymia 

L. de Boisbaudran 

Element. 

1879 

Thulium 

Erbia 

P. T. Clave 

Element. 

1879 

Holmium 

Erbia 

P. T. Cteve 

I Element. 

1880 

y« 

Samarskite 

J. C. G. de Marignao 

Gadolinium after 
1886. 

1880 


Samarskite 

J. C. G. de Marignac 

Samarium. 

1884 

Columbium 

Samarskite 

J. L. Smith 

Mixture (not 
niobium). 

1884 

Rogerium 

Samarskite 

J, L. Smith 

Mixture. 

1886 

Neodymium 

Didymia 

C. A. von Welsbach 

Element 
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Year. 

Reported Element. 

Source. 

Discoverer. 

Remarks. 

1885 

Praseodymium 

Didymia 

0. A. von Welsbach 

Element. 

1885 

Z« 

Terbia 

L. de Boisbaiidran 

Dysprosium. 

Terbium. 

1885 


Terbia 

L. de Boisbaudran 

1886 

h 

Terbia 

L. de Boisbaudran 

Dysprosium. 

1886 

z 

Terbia 

L. de Boisbaudran 

Terbium. 

1886 

s i 

Samaria 

E. Deman} ay 

Possibly 2 below. 

1886 

Dysprosium 

Holmia 

L. de Boisbaudran 

Element. 

1886 

Austrium 

Orthite , 

E. Linnemann 

I tnpure gallium. 

1886 

Meta-elements 

Various 

W. Crookes 

Vide aupra. 

1887 

Meta-elements 

Various 

G. Krii8s, etc. 

Vide aupra. 

1887 

Russium 

Monazite 

K, von Chrustchoff 

Mixture. 

1802 

Masrium 

Egyptian alum 

H. D. Richmond, etc. 

Unverified. 

1892 

Z, 

Samaria 

L. de Boisbaudran 

Europium. 

1892 

Zc 

Samaria 

L. de Boisbaudran 

Europium. 

1804 

Demonium 

Yttria 

H. E. Rowland 

Dysprosium. 

1 805 

Metacerium 

Cerite 

E. Brauner 

Unverified. 

1896 

Damarium 

Monazite 

K. Lauer and 

P. Antsch 

Unverified. 

1800 

2 

Yttria 

E. Demar^ay 

Europium. 

1890 

Lucium 

Yttria 

P. Barrier© 

Mixture. 

1890 

Kosmium 

Yttria 

B. Kosmann 

Mixture. 

1890 

Neokosmium 

Yttria 

B. Kosmann 

Mixture. 

1897 

Glaucodymiura 

Didymia 

K. von Chruatchof! 

Unverified. 

1898 

Monium 

Yttria 

W. Crookes 

Victorium. 

1899 

Victorium 

Yttria 

W. Crookes 

Mixture. 

1900 

r 

Terbia 

E. Demargay 

Terbium. 

1900 

A 

Terbia 

E. Demargay 

Dysprosium. 

1900 

n 

Yttria 

E. Demargay 1 

Unconfirmed. 

1900 

e 

Y ttria 

E. Demargay 

Unconfirmed. 

1901 

Euxenium 

Euxenite 

K. A. Hofmann, etc. 

Unverified. 

1904 

Curolinium 

Thorite 

C. Baakerville i 

Unverified. 

1904 

Berzelium 

Thorite 

C. Baakerville ! 

Unverified. 

1905 

Incogm turn 

Yttria 

W. Crookes j 

Terbia-gadolinia. 

1905 

Ionium 

Yttria 

W. Crookes 

Terbia-gadolinia. 

1905 

Neoytterbimn 

Ytterbia 

G. Urbain 

Element. 

1905 

Lutecium 

Yt terbia 

G. Urbain 

Element. 

1907 

Aldebaranium 

Ytterbia 

C. A. von Welsbach 

Neoytterbium. 

1907 

Cassiopeium 

Ytterbia 

C. A. von Welsbach 

Lutecium. 

1910 

E 

Terbia 

F. Exner and 

E. Haschek ' 

Mixture. 

1011 i 

Celtium 

Gadolinite 

G. Urbain | 

Lutecium. 

1912 

Tb„ Tb,, Tb 3 

Terbia 

C. A. von Welsbach j 

Unconfirmed. 

1916 ; 

Denebium 

Ytterbia 

J. M. Eder 

Unconfirmed. 

1916 

Dubhium 

Ytterbia 

J. M. Eder 1 

Unconfirmed. 

1017 

Eurosamarium 

Samarskite 

J. M. Eder 

Unconfirmed 

1920 

Wol8ium 

Terbia 

J. M. Eder 

Unconfirmed. 
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§ 3. The Occurrence o! the Rare Earths 

The rare earths arc widely distributed, but in minute quantities. F. W. Clarke 
and H. S. Washington 1 estimated that the ten-mile crust, the hydrosphere, and 
lithosphere, contained 0 019 per cent, of yttrium and cerium earths. The history of 
the rare earth minerals begins with the discovery of tungstein, or tungsten, and tho 
confusion of that mineral with the Bohemian tennspar heralded the greater confusion 
which was destined to follow when the composition of the mineral was minutely 
examined. The early history of this mineral has been previously described. 
M. H. Klaproth 2 proposed to call it ochroite — oV^ds, brownish-yellow — on account 
of its colour ; and J. J. Berzelius cerite, in honour of the discovery of the minor 
planet Ceres in 1801. M. H. Klaproth accepted J. J. Berzelius’ term, but suggested 
adding another syllable — cererite- so that it would not be supposed that the term 
was derived from xrjp<k, wax. The proposal was not accepted. M. H. Klaproth 
reported 34 5 per cent, of silica in the mineral ; L. N. Vauquelin, 17 0 per cent. ; 
and R. Hermann, 18 0 per cent. M. H. Klaproth included with the silica in his 
analysis all the material not decomposed by the method he employed. It. Hermann 
assumed that two different minerals were in question ; and, since appreciable 
quantities of lanthanum as well as cerium are contained in the mineral, he suggested 
calling the mineral with a high proportion of lanthanum and a smaller proportion 
of cerium, Janthanocerite. G. A. Kenngott said that lanthanocerito owes its 
lanthanum to admixed lanthanile. R. J. Haiiy’s term for the mineral was ckrium 
oxyde silieeux rouge, in contrast with etrium oxyde sibeeux noir employed for 
allanitc. Analyses of the Swedish mineral from Bastnaes were reported by 
W. Hisinger and J. J. Berzelius, M. H. Klaproth, W. Hisinger, J. F. John, 
A. Arche, R. Hermann, T. Kjerulf, 0. F. Rammelsberg, G. Nordstrom, F. Stolba, 
W. Muthmann, and L. Stutzel. Analyses made after 1843 show the presence of 
didymium and lanthanum : 


SiO, 

Cc.O, 

Dl.O. 

1.^,0, 

Al,O a 

FcO 

CaO 

MgO 

<;o, 

HjO 

1606 

26-55 

1805 

16-33 

1-68 

317 

1-23 

1-25 

4-62 

810 

21-35 

60-99 

3-90 

3 51 

— 

1-46 

1-65 

— 

0-38 

0-31 


The idealized mineral is usually regarded as a basic cerium silicate, 
H s (Ca, Fe)Ce 3 Si 3 0 13 , with per cent. cerium. P. Groth interprets this 

formula as representing a basic metasilicate, (Ca, Fe)(Ce0)Ce2(0H) 3 (Si0 3 )3, a deriva- 
tive of the acid H 6 Si 3 0 9 . C. F. Rammelsberg gave (Ce, La, Di) 2 Si0 4 .H 2 0. Numerous 
other constituents have been reported — e.g. bismuth, manganese, copper, phosphoric 
and sulphuric oxides, etc. H. St. C. Deville found traces of vanadium and titanium 
oxides. G. Tschermak found 11 *7 per cent, of zirconium in a sample from Batoum, 
and he also found 7*6 per cent, of yttria. W. Crookes, G. Kriiss and L. F. Nilson, 
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etc., have discussed the complexity of the rare earths contained in cerite ; but the 
mineral is too scarce to serve generallyfor the extraction of rare earths. G. Tschermak, 
W. Ramsay and M. W. Travers, and R. J. Strutt found a considerable proportion of 
helium occluded in the mineral. R. J. Strutt found 1*36x10 ” 8 grm. of radium ; 
G. Bardet found the mineral radioactive. It is rather unusual to find thorium and 
uranium both absent in the rare earth minerals ; G. Tschermak found traces of 
thorium in a sample from Batoum; but this element is not represented in 
analyses of the mineral. The mineral occurs massive or granular. A. E. Norden- 
skjold and W. Haidinger have discussed the crystalline form. The brown to red 
translucent or opaque crystals are rhombic with axial ratios a : b :c=0*9988 : 1 : 0*8127. 
The hardness is 5 to 6. L. N. Vauquelin gave 4*530 for the sp. gr. ; M. H. Klaproth, 
4*660 ; and G. Nordstrom, 4*86. G. Spezia showed that cerite turns yellow in the 
oxidizing flame, and melts to a brown enamel in the reducing flame. A. L. Fletcher 
found cerite softened at about 1230°, and melted about 1350°. It is readily attacked 
by sulphuric acid, and with hydrochloric acid it forms a gelatinous silica. From the 
different proportions of the mineral attacked by the acid, and left in the silica, 
C. F. Rammelsberg inferred that “ cerite is a mixture of silicates which are not all 
attacked with the same ease by hydrochloric acid.” C. A. von Welsbach made a 
similar observation. J. Schilling compiled a bibliography on cerite. 

Cerite and gadolinite are two of the most interesting minerals in connection 
with the discovery of the rare earths. The mineral which J. Gadolin named 
ytterbite , and in which he discovered yttria earth, was afterwards named gadolinite. 
B. R. Geijer described it in 1788 as a black zeolite. This mineral occurs at Ytterby 
near Stockholm and at Fahlun, Taberg, and Carlberg in Sweden ; it occurs also in 
Hittero and Malo in Norway ; in the Riesengebirge and the Harz in Germany ; in 
the trapp rock of Galway, and in the granulite of Down County, Ireland ; on the 
Zdjar Mountains in Austria ; in the granite of Baveno, Italy ; in the granite of 
Ceylon ; and at Disko, Greenland. There is a remarkable deposit at Baringer Hill, 
Llano Co., near Bluffton in Texas ; and near Devil’s Head in Colorado. 

The giant pegmatite of Texas furnishes large orystals of gadolinite associated with 
thorogummite, ni venite, fergusonite, allanito, tengerite, cyrtolito, rowlandito, mackintoshite, 
and yttrocrasite. Tins deposit has been studied by W. E. Hidden and co-workers. There 
is here a decomposition product of gadolinite which they named green gadolinite or 
yttrialite. It contains no beryllia, and twice as much silica as the parent mineral, for it 
approximates to B a 0 3 .2Si0 2 , where R a 0 3 represents the yttria oxides. 

The analysis of J. Gadolin was confirmed by A. G. Ekcberg, M. H. Klaproth, 
and L. N. Vauquelin. In 1802, A. G. Ekeberg showed that the earth reported as 
alumina was really beryllia, and amounts up to 11*60 per cent, of beryllia were 
reported by N. J. Berlin, A. Connell, T. Scheerer, etc. From these results it is con- 
sidered that beryllia is of secondary origin. Amounts of ceria up to 20*28 per cent, 
were reported by J. J. Berzelius, J. S. Humpidge and W. Burney, T. Thomson, etc. 
In addition to analyses by those just mentioned, others have been reported by 
C. F. Rammelsberg, N. Lindstrom, C. W. Blomstrand, T. Thomson and A. Steel, 
B. F. Davis and A. G. Maitland, W. Pctersson, B. Szilard, J. Fromme, W. C. Brogger 
and co-workers, J. F. Bahr and R. Bunsen, G. P. Tschemik, G. A. Konig, M. Websky, 
L. G. Eakins, A. des Cloizeaux, etc. The silica ranges from 21*86 to 29*20 per cent. : 
tho yttria earths, from 9*50 to 51*46 per cent. ; the ceria earths, from 1*80 to 16*69 
per cent. ; the ferrous oxide, from 7*47 to 16 04 percent. ; the beryllia up to 11*60 
per cent. ; the lime, 0*23 to 3*47 per cent. ; tho loss on ignition, up to 5*2 per cent. 
In addition, ferric oxide, alumina, thoria (0*81-0*89 per cent.), magnesia, manganese 
oxide, and the alkalies have been reported. The complex character of the rare 
earths in this mineral is indicated in the preceding section. C. F. Rammelsberg, 
G. Tschermak, and A. Himmelbauer have discussed the constitution of the mineral. 
The formula of the idealized mineral is sometimes written FeBe^SijOio, or 
2Be0,Fe0.Ya0 3 .2Si0 2 ; and P. Groth regards it as a basic orthosihcate, 
BejFefYO^fSiO*)*, derived from the acid HgSiaOg. B. R. Geijer has described the 
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cerium ore of Bastnaes, and microscopically it appears as a fine grained aggregate of 
cerite, bastnasite, orthite, lanthanite, fluocerite, and tornebolimite. 

Gadolinite occurs in subtranslucent or opaque masses, black, or greenish- or 
brownish-black in colour. It also occurs in crystals belonging to the monoclinic 
system with axial ratios a : b : c=0'62726 : 1 : 1*32149, and 0=89° 26' 30". The 
crystals have also been examined by N. S. Maskelyne and V. von Lang, P. Waage, 
R. J. Hatty, W. Phillips, A. Levy, T. Scheerer, A. T. Kupffer, G. vom Rath, A. des 
Oloizeaux, and H. Sjogren. A. Hadding, and H. Kttstner studied the X-radiogram 
of gadolinite. The latter found that the isotropic crystals are truly isotropic, and 
no colloidal or subcolloidal anisotropic crystals are present. Both the natural 
anisotropic crystals and the anisotropic crystals formed by heating the isotropio 
crystals to 1000° furnish characteristic X-radiograms. The sp. gr. is between 4*0 
and 4*5, and the hardness 65-7'0. E. D. Clarke fused gadolinite in the oxy-hydrogen 
blowpipe flame to form a black glass ; and A. L. Fletcher found the mineral showed 
signs of melting between 1395° and 1450°. The crystals have a strong positive 
birefringence. The brown variety is distinctly pleochroic, the green varieties have a 
weaker pleochroisni. According to W. H. Wollaston, T. Liebisch, and K. A. Hof- 
mann and F. Zerban, gadolinite is calorescent at about 430°. W. C. Brogger, 
W. Petersson, and G. T. Prior examined the hypotheses that on calcination the 
crystalline mineral becomes amorphous. The heating curve of the crystalline 
mineral, obtained by T. Liebisch, gives no ground for the assumption ; the curve is 
quite regular. W. Petersson, G. Tschermak, W. Ramsay and M. W. Travers, 

T. Scheerer, and J. J. Berzelius showed that the sp. gr. of the calcined mineral is 
greater, and H. Rose, that its sp. ht, about one-fourteenth less, than the original 
mineral. J. Schilling compiled a bibliography on gadolinite. 

According to C. 0. von Leonhard, 3 and F. von Kobcll, in 1808, H. L. Giesecke 
sent a package of minerals from Greenland to Copenhagen ; the vessel was captured 
by an English privateer, and brought to Leith. The minerals were purchased by 
T. Allan ; he mistook one mineral for gadolinite and sent it to T. Thomson for analysis. 
The latter recognized it as a new mineral and called it allanite. Judging from the 
many names which have been assigned to what appear to be varieties of the same 
mineral, it might almost be called polyonymite — having many names, 

W. Hisinger called a variety from Ridd&rhyttan, Sweden, cerine, and R. J. Haiiy desig- 
nated the mineral cirium oxydi siliceux noir in contrast with cirium oxydi stliceux rouge 
employed for the mineral corite. J. J. Berzelius named a mineral from Finbo, Fahlun, 
orthite -ip$6s, straight — in reference to the form of it* crystals, and another mineral from 
Kararfvet, Fahlun, pyrorthite—irvp, fire -in reference to it* colour. F. Stromeyer, and 
T. Scheerer showed that allanite, cerine, and orthite are varieties of the same minora). 

A. Levy described a black mineral from Ntiakil, Arendal, as bucklandite. A. L6vy, Q. Rose, 
and R. Hermann showed that bucklandite is closely related to orthite. R. Hermann, 

C. F. Rammelsberg, and J. Auerbach called a sample from Miaak, Urals, uralorthiU , and 
N. von Kokscharoff showed that it is related to orthite. A. Breithaupt called a sample 
from the trachyte of Laach, tautolite — rainty, the same ; A iBos, stone— and G. vom Rath 
showed its relationship to orthite. A s]>ecimen from Eriksbterge, near Stockholm, was 
called xanorthite or xanlhorth ile — fa v06s, yellow — by R. Hermann and described as a 
yellow orthite. N. von Kokscharoff, and R. Hermann described bagraiionik — named after 
P. R. Bagration — from Achmatovsk. R. Hermann regarded it as a variety of orthite 

A. Breithaupt, C. Kersten, and T. Kemdt reported bodenite from the soil at Mauersberg, 
Saxony ; T. Kemdt, muromontite — Latinized name of Mauersberg — from Mauersberg ; 
vatite or wasite obtained by J. F. Bahr from Rdnaholm, Stockholm, and studied by 

B. Szilard, and N. Engstrdm ; michaeUonile found by C. A. Michaelson and E. Nobel near 
Brevig; and N. J. Berlin, the erdmannite — named after O. L. Erdmann — was obtained 
from Stdkd near Brevig. All these are more or less impure varieties of orthite or allanite. 
Pale green crystals of a mineral named ttirnebohmlte were found by P. Geijer to be associated 
with the cerite of Bastniis. The analysis is : 

S10 f 0,0, (La,Di),0, A1,0, FeO MnO MgO C»0 F Ignition 

2205 27*52 34-85 8-55 1 91 005 0'49 0-23 0-29 1*70 

The formula R,(ROH)(SiOJ, approximates to andalusite or topaz ; but the mineral is 
more closely allied to cerite from which it differs in containing more aluminium and calcium. 
The optical properties differ from those of oerite j the sp. gr. is 4-94, 
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Allanite or orthite is fairly widely distributed in relatively small quantities. 
For example, it is found in Greenland, Biddarhyttan, Ytteiby, and Tunaberg in 
Sweden; at Kragero, Hitterd, and Fide Fjeld in Norway; at Impilaka near the 
border of Finland ; at Miask in the Urals ; at Plauensche Grund near Dresden ; in 
the Laacher See near Coblentz, and near Sahl in the Thtiringerwald ; at Criffel in 
Scotland ; in Canada ; and in Colorado, Virginia, and Carolina in the United States. 
Numerous analyses of the varieties of allanite or orthite have been reported — e.g. 
by G. vom Rath, F. Stifft, H. Credner, F. Zschau, T. Kerndt, T. Scheerer, N. Engstrom 
and P. T. Cleve, K. A. von Zittel, D. Forbes, C. W. Blomstrand, N. J. Berlin and 
J. F. Bahr, F. W. Clarke, W. Hisinger, J. J. Berzelius, B. Szilard, M. Schubin, 

C. F. Rammelsberg, A. Stromeyer, J. Torrey, D. M. Balch, C. Bergemann, 

D. I. Mendel6efi, P. Keyser, J. W. Mallet, J. A. Cabell, F. P. Dunnington, 
G. A. Konig, F. A. Genth, C. Memminger, L. G. Eakins, W. C. Brogger and co- 
workers, E. P. Valentine, A. Strecker, T. L. Walker and A. L. Parsons, T. S. Hunt, 
etc. The composition varies very much because the bases can be replaced 
vicariously. A selection of analyses is shown in Table III. The first three analyses 
are by N. Engstrom and P. T. Clove ; the fourth and fifth are by N. Engstrom ; and 
the last is by F. P. Dunnington. 


Table III. — Analyses of Allanite oh Orthite. 



Hitterd. 

Naskllen. 

Ytterby. 

Miask. 

Greenland. 

Amelia Co. 

SiO a . 

31-03 

32 01 

32-07 

30-81 

33*29 

32-35 

Al a 0 3 . 

13-21 

17-54 

10-52 

10-25 

19-35 

10-42 

Fe a O a . 

8-39 

5-20 

2-53 

0-29 

3-31 

4-49 

Ce a 0 3 . 

807 

0-21 

5-90 

10-13 

9-20 

1114 

DijOj . . 

5-00 

10-78 

7-57 

3-43 

0-97 

0-91 

La a O a 

Y a 0 3 . 

5-40 

0-24 

510 

0-35 

104 

347 

0-87 

1-38 

2-74 

1-24 

— . 

.... 

Fe r 6° 8 : : 

0-52 

1-53 

200 


- - 

— 

7-80 

#■02 

11-89 

814 

10-07 

10-48 

MnO . 

1-00 

0-47 

2-34 

2-25 


1*12 

CaO . 

10-48 

1203 

0-75 

10-43 

1 1 04 

11-47 

MgO . 

0-08 

— 

0-45 

013 

0-40 

— 

K a O . 

0-28 

0-15 

0-29 

0-53 

1-27 

0-4G 

Na„0 . 

H a O . 

— 

— 

- - 

— 

0-37 

— 

3-49 

1-79 

3-23 

2-79 

1-54 

2-31 

ThO* . 

0-87 

1*14 

trace 

1 

1*17 



Allanite or orthite appears to belong to the epidote family of silicates. This 
has been emphasized by A. Michel-L6vy, G. Rose, R. Hermann, N. von Kokscharoff, 
eto. ; andP.Geijer’s analysis gives 4 29RO; 2*61R 2 0 3 ; 593Si0 2 : H 2 0. The mineral 
has accordingly been called cerium-e'pidote . V. M. Goldschmidt found what he called 
vpidote-orthites, which ho regarded as isomorphous mixtures of orthite with iron 
epidote ; and most of the orthites may be regarded as solid soln. The general 
formula for epidote is H 2 0.4R0.3R 2 0 3 .6Si0 2 , where R is tervalent and R" bivalent, 
and may be represented by vicarious metals. With allanite, R" is (Fe", Ca), and R is 
(Al, Fe'", Ce), where Ce stands for elements of the cerium and yttrium families. 
N. Engstrom said that some orthites agree in composition with the epidotes 
H 2 R' ^RgSeO^, but some others agree with I^R'^RgSi^y ; and, in the latter case, 
it is not clear whether the extra molecule of water is of secondary importance, or 
whether it represents a special class of orthites. P. Groth regarded allanite as a 
basic salt, R 8 (0H)R" 2 Si 8 0 12 , of the acid H 12 Si 3 0 12 . The idealized mineral with the 
epidote formula is (Ca, Fc) 2 (A10H)(Al, Ce, Fe^SiOJj, and it may be a solid soln. 
of isomorphous epidote, ferric-epidote, and cerium-epidote, Ca^AlOHlCegfSiOgJj, 
or calcium dicerium dluminohydroxydriorthostiicate—wde epidote. 
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The rare earths in allanite range from 3 6 to 51 per cent., and the components 
indicated in Table III no doubt give the impression of having been mor^ accurately 
determined than the methods of analysis allow. Yttria ranges up to 4*7 per cent., 
and thoria up to 3 5 per cent. R. J. Meyer found scandia up to 1 per cent. Traces 
of uranium are often present. W. Ramsay, J. N. Collie, and M. W. Travers found 
no helium, but R. J. Strutt found some radium to be present in some samples, and 
therefore the presence of occluded helium is highly probable. T. Kerndt reported 
5*52 per cent, of beryllia in a specimen from Mauersberg ; J. W. Mallet, 0*52 per 
cent, in a specimen from Norfolk, Virginia ; J. A. Cabell, 0*24 per cent, in a specimen 
from Amherst; L. G. Eakina, 0*27 per cent, iu a specimen from Douglas Co., Colorado ; 
and J. Fronime also reported small quantities of beryllia in some specimens of 
allanite. R. Hermann reported the presence of some titanitc. Carbon dioxide is 
found in some samples, and the amount of water ranges from zero up to 17 per cent. 

Allanite or orthite occurs as an accessory constituent in granite, syenite, diorite, 
gneiss, limestone, etc. It appears either in compact masses, or as crystals. The 
colour may be reddish-brown, greyish-green, or even black. The crystals are 
sometimes broad and tabular, at other times long and slender. A. des Cloizeaux 
and A. Damour found some well-formed crystals without double refraction. 
W. Haidinger, G. Rose, A. Sjogren, L. H. Borgstrom, A. Miehel-Levy and A. Lacroix, 
N. von Kokscharotf, A. K. Nordenskjold, R. Hermann, J. Auerbach, etc., have 
studied the crystals. According to G. vom Rath, the crystals belong to the mono- 
clinic system, and have the axial ratios a : b : c-* 1*55070 : 1 : 1*76838, and j3— 64° 59'. 
The hardness and sp. gr. vary with the amount of water in the mineral, and with 
other conditions. The sp. gr. ranges from 2*53 to 4*32 — the average is about 3*5. 
G. vom Rath found a sample with a sp. gr. 3*983 ; T. Kerndt, 4*263 ; C. Kersten, 
3*523 ; T. Scheerer, 3*546 ; N. J. Berlin and J. F. Balir, 2*78 ; R. Hermann, 3*48- 
3*66 ; T, S. Hunt, 3*84 ; C. Borgemann, 3*4917 ; F. A. Genth, 3*782 ; L. G. Kakins, 
3*52 ; J. W. Mallet, 4*32, etc. The hardness is between 5 and 6. A. L. Fletcher 
found that the mineral melted between 1220° and 1265°. Most varieties gelatinize 
when treated with hydrochloric acid; but if previously ignited, they are not 
decomposed by the acid. 

A complex silicate of the rare earths metals, calcium, iron, etc., with a high 
proportion of zirconia was found by T. Scheerer at Kangerdluarsuk, Greenland, and 
on the islands of the Langesund Fiord, Norway. C. U. Shepard, 4 and F. A. Genth 
have reported it in Arkansas. F. Stromeyer named it from ci’, easily, and to 

dissolve, in reference to its easy solubility in acids ; eudi&lyte is a corrupted form 
of this term ; T. Scheerer called a Norwegian variety eucolite — from cvkoAos, not 
difficult to satisfy— in allusion to the alleged replacement of iron oxide for zirconia 
in wohleritc. Analyses have been made by C. II. PfafT, F. Stromeyer, 0. F. Rammels- 
berg, A. Damour, T. Scheerer, L. Gruner, O. B. Bbggild, F. A. Genth, J. Lorenzen, 
etc. P. T. Cleve’s analysis of a sample from Barkevik is : 

NujO K,0 CaO MnO FeO Y,0 3 (Ce, Dl, La),0, 8IO, ZrO, Cb,0, 

11*17 0*11 12*11 3*60 3*90 0*32 4*80 46*16 12*61 3*62 

and 0*55 per cent, of chlorine, and 2*1 1 per cent, of water. The constitu- 
tion has been discussed by C. W. Blomstrand, P. Groth, F. W. Clarke, 
C. F. Rammelsberg, L. Colomba, etc. J. D. Dana gives the empirical formula 
Na^fCa, Fe) 6 Cl(Si, Zr) 20 0 62 ; while W. C. Brogger considers it to be a metasilicate, 
(Na, K, H) 4 R3Zr(Si0 3 )7, where R may represent Ca, Fe, Mn, and CeOH ; and ZrOCl 
may act as an acidic radicle in place of silica— vide zirconium silicates. G. Hevesy 
and V. T. Jantzen found 0*7 per cent, of hafuia in Greenland eudialyte, and 
0*7 per cent, in Norwegian eucolite. J. Thomsen found that eudialyte contained 
0*4 c.c. of occluded gas— C0 2 , 10 ; H 2 , 75 ; CO, 3 ; N 2 , 7— per kgrm. of mineral. 
The fact that such a complex silicate may occur in well-defined crystals shows 
what intricate problems in inorganic chemistry are awaiting solution. The 
crimson, purple, or brown trigonal crystals were studied by W. H. Miller, and 
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V. von Lang ; the axial ratio is a : c=l : 2*1116. Observations by F. Stromeyer, 
A. Damour, J. Lorenzen, C. F. Rammelsberg, A. L4vy, J. FT Williams, 
T. Scheerer, and P. T. Cleve show that the reddish-brown crystals have a 
sp. gr. ranging from 2*624 to 3*104. The hardness is 6 to 6. Eudialyte is 
optically positive, eucolite negative. W. Ramsay found the zones of positive and 
negative birefringence as well as isotopic zones can occur on the same minerals, and 
he suggested that the mineral is really composed of two isomorphous compounds. 
The optical behaviour of the eudialyte is sometimes anomalous, possibly an effect 
of repeated twinning, and the lamellar intergrowth of two varieties with slightly 
different optical properties. E. Jannettaz measured the thermal conductivity. 
J. Schilling has given a bibliography of eudialyte. 

The eucolitic titanite of W. C. Brdgger • from Langesund Fiord, Norway, contains 2*57 per 
oent. of ceria, 0*59 per cent, of yttria, and 0*18 per cent, of thoria earths. The sp. gr. is 
8*59. C. W. Blomstrand’s alshedlte, from Alsheda, Sra&land, is a variety of titanite with 
2*57-2*78 per cent, of yttria earths, the sp. gr. is 3*30. For alvite, anderbergiie , catapleiiu , 
and cyrtolite , see zirconium silicate. W. C. BrOgger and co-workers, and C. B. Benedicks 
described a monoclinic mineral thalenlte from a quartz quarry in Oesterby ; and T. Vogt, 
from the pegmatite at Hundholmen. The crystals are reddish-violet. The former had axial 
ratios a : b : c = l*1541 : 1 : 0*602, and 0=80° 12', the latter 0*9190 : 1 : 0*6480, and 
(3= 82* 54 J'; hardness 0 to 6*5 ; sp. gr. 3*945 to 4*454; indices of refraction a = 1*7312, 
f3~ 1*7375, y= 1*7436 for sodium light. Analyses correspond with HjYjSLOj,, or, according 
to W. C. Brdgger and co-workers, yttrium orthodlallleata, Y 2 Si 2 0 7 . K. Mauzelius and 
H. SjOgren’s analysis is : 

Ns,0 MgO Cat) Fe,0 3 810, SnO, ThO, Y t (> 3 (La, Dl),0, Ce,0 3 

0*08 0*05 011 0*45 28*88 0*22 0*18 01*84 4*15 0*83 

with loss on ignition 3*33, which includes 1*73 per cent, of water. W. E. Hidden and 
J. B. Mackintosh found an orange-yellow to orange-green mineral yttrlftllte, or green 
gadolinite, in the granite of Llano Co., Texas. W. F. Hillebrand’s analysis is : 

MgO CaO MnO FeO FbO Fe g O, SIO, TiO, Cl r,0, 

0*16 0*07 0*88 1*90 0*80 0*70 29*63 0*05 0*11 0*12 

with water over 105°, 0*32, and water below 105°, 0*04 ; undetermined nitrogen, helium, 
fluorine, and alkalies about 0*31 ; and 

YjOj, La l 0 1 CejOj ThO, HO, 

43*45 5*18 3*07 10*85 1*64 

The formula approximates to (Fe, Mn)(Y, La)„ThSi # 0 24 , or simplified, RThSi,0 7 .4Y 2 Si 2 0 7 . 
The mineral is regarded as a kind of weathered gadolinite. The sp. gr. is 4*575 ; the hard- 
ness 5 to 5*5. It is readily soluble in hydrochloric acid ; but not if it has been calcined. 
F. W. Clarke has also studied the mineral. A kind of dark reddish-brown garnet, yttrlo- 
garnet, ocours at Stockd, Norway, and Schreiberhau, Germany, with yttria earths 1*0 to 
6*7 per cent., and zirconia, 0 to 3 per cent. It has been investigated by L. Gruner, C. Berge- 
mann, M. Websky, W. C. Brdgger, A. T. C. Soltmann, and M. Piners. L. A. Aars’, and 

W, C. Brfigger’s analysis of brownish -red hellandlte from Lindvikskollan near Kragero, 
Norway, is : 

NftjO KjO MgO CaO Al,O s Mn,0, Fe,0, 8iO, H,0 

0*23 0*06 0*10 9*81 10*12 5*91 2*50 23*66 11*75 


with YoOj,, 19*29; Erj0 3 , 15*43; Ce 2 0,, 1*01 ; and ThO,, 0*62. A possible formula is 
0a,(R" ; OH),(SiO 4 ) 4 or 2R"0.3R"' 0 a .4Si0,.3H,0, where R' ? stands for Ca, Mg, or *Th ; and 
IV" for tervalent Al, Fe, Mn, or the rare earth metals. The mineral may thus be regarded 
as a basio salt of the orthosilicate H t( Si 4 0.,. The monoclinic prisms have the axial ratios 
o : 6 : c*»2*O040 s 1 : 2*507, and 0= 109* 45* ; the sp. gr. is 3*41 to 3*70 ; the hardness, 5*5. 
The mineral readily fusee. It dissolves readily in hydrochlorio acid with the evolution of 
chlorine ; it does not dissolve as easily in nitric or sulphuric acid. B. Szilard also studied 
the mineral. 


F, Zambonini 0 found a complex titanate of the rare earths in the pegmatite of 
Craveggia, Italy, and named it delorenslte. The analysis is : 

FeO ¥,0, HO, SnO, UO, 

4*25 14*63 66*03 4*33 9*87 
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The yttria earth is almost free from ceria. There are traces of oolumbie oxide. 
The formula is 2 Fe 0 .U 0 i ». 2 Y 1 . 03 . 24 Ti 02 , with a little tin replacing titanium. The 
mineral is strongly radioactive. The rhombic crystals have the axial ratios a : b : c 
— 0*3375 : 1 : 0*34 12. The sp. gr. is 4 7, and the hardness 5’5-trO. Its closest 
chemical relation is yttrocrasite, but in appearance and angles it resembles polyerase. 
W. E. Hidden and (\ H. Warren analyzed a black mineral from Burnet To., Texas, 
which was called yttrocrasite. It contains 25 7 per cent, of yttria earths ; 2 9 per 
cent, of ceria earths ; 8 7 per cent, of thoria ; and 49*7 per cent, titanic oxide. The 
formula approximates (Oa, Pb)0.(Tb, r) 02 . 3 R 2 03 . 16 Ti() 2 .C}L(). The prismatic 
crystals are rhombic, the axial ratios are unknown. The sp. gr. is 4 80, ami the 
hardness 5 ’5 (5 0. It was also studied by B. Szilard. 

P. J. Holmquist descrilied a brown mineral in pseudo-cubic crystals from Alnb, Sweden, 
which he named knopltft. Jt is regarded as a variety of porowskito —vidr titanium. It 
contains 20*84 -33*32 per cent, of calcium oxide; 323 to .VI 5 per cent, ferrous oxide; 
O’OG per cent, of yttria earths ; 4 42 to 681 per cent, of ceria earths ; and 5412 to 58' 74 
per cent, of titanic oxide. C. F. Rainmelsberg, and P. (troth have described the formula. 
The sp. gr. is 4-1 1 to 4 29 ; and the hardness, 5 to 0. The black mineral is in rounded crystal 
grains belonging to the cubic system found at O’Cary, South Australia, was named divldite. 
It was described by 1). Muwson, and E. E. H. Ronnie and W. (\ (’ook, and apjioarH to bo 
a titanato of iron, uranium, vanadium, chromium, ami the rare earths. It contains over 
50 per cent, of titanic oxide, and 5 to 10 |>or cent, of the raio earths. Tho sp. gr. is about 1. 

A brown mineral from Arcndal, Bud, Arkerd, Alve, Narrcstd in Norway was named 
y ttrotitanite by T. Scheorer , 7 and kctlhautic by A. Erdmann. It is a titanosilieate 
of calcium, aluminium, iron, and yttria earths ; it is monoclinic, and isomorphous 
with titanite, and it is considered to be a mixture of titanite OaO.TiO 2 . 8 iO 2 , with 
the silicate (Y, Al, Fc) 2 Si0 3 . The sp. gr. is 3 52 to 3*77 ; and its hardness, 0*5. 
The double refraction is positive and feeble. Analyses were made by A. Erdmann, 
D. Forbes, 0. F. Rammelsberg, and T. Scheercr. The constitution has been dis- 
cussed by H. Rose, J. J. Berzelius, 0 . W. Blomstrand, F. Zambonini, P. Oroth, and 
0 . Hauser — vide titanosilicates. 

In 1841, A. Erdmann described a brown mineral which In* found in the syenito near 
Brevig, Norway, and named mosandrite, after (_\ (J. Mosnnder. Jt was analyzed by 
YV. C. Brogger, and B. Szilard. In 1890, \V. C. Broggcr described a brown mineral, from 
tho islands of Langesund Fiord, Norway, which he called johnstrupite, after F. Johnstrup. 
N. J. Berlin analyzed mosandrite. r l'he eoinposition and general projicrties are so much 
alike that YV. (J. Brogger regards them ns belonging to the same mineral species. Both 
are titanosilicates of the rare earth metals, aluminium, calcium, magnesium, sodium, etc. 
There is about 13*5 per eent. of ceria earths; II of yttria eurths ; 7 to 8 por cent, of 
titanic oxido ; and 3 (5 per cent, of thoria and zirconia. 'Hie crystals are monoclinic with 
axial ratios a : b : c — 1*6229 : 1 : 1 391 1, and fi 93° 4' 15" very close to those of enidote. 
Tho sp. gr. of johnstrupite is just over 3, that of mosandrite just below 3. The hardness is 
4-5. J. Lorenzon investigated a yellow titnnosilieato from the syenites of Kungerdluarsuk, 
(Greenland, and found ; 

Na,0 CftO FeO Y*O s (O.La, UDjO, 810, TlO, K 

8-93 23 26 044 092 21*25 29 08 13 36 582 

The formula has been discussed by YV\ C. Brogger, and P. Groth — vulv titanosilicates. The 
mineral closely resembles johnstrupite. The inonoclmic crystals havo the axial ratios 
a : 6 : c = 0 7844 : 1 ; P4610, and fi~ 91° 12' 45". Their sp. gr. is 3 46, and hardness 5. It is 
pleochroic. J. Lorenzen found a mineral which ho called rlnkite in the syenite of Knngerd- 
fuarsuk, Greenland. Analyses were made by J. Lorenzen, and YV. C. Brdgger gave the 
formula (FjTiJNa^ai.CeglSiOJig ; and P. Groth, Na 3 Co 4 Cej(Si, Ti) 4 0,,K 3 -vide titano- 
silicates. The flattened crystals are yellowish -brown or straw- yellow. They belong to the 
monoclinic system with the axial ratios a ib: c --- P5688 : 1 : 0*2922, and fi 88° 47$'. The 
( 100) cleavage is distinct ; the sp. gr. is 3*40 ; and the hardness 5. Tho pleochroic crystals 
are optically positive. The mineral is easily decomposed by dil. acids with the separation 
of silica ana some titania. A complex silicate called iteenstniplne was obtained by 
J. Lorenzen from Steenstrup, Greenland ; it contains 14-40 to 35- 18 per cent, of ceria earths : 
0*36 to 15*90 per cent, of yttria earths; and 2*13 to 7*09 per cent, of thoria. The mineral 
has been studied by YV. C. Brdgger, J. Lorenzen, O. B. Boggild, and J. 0. Moberg. The 
brown crystals belong to the rhombohodral system. The sp. gr. is 3*19 to 3*51, and the 
VOL. V. 2 L 
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hardness 4. The orange-grey mineral rOMObutehlte was obtained by W. C. Brogger from 
the islands of Langesund Fiord, Norway. P. T. Cleve’s analysis gives : 

Na,0 CaO MnO Fe,0, Ce,0, 810, T10, ZrO, F 

9-93 24-87 1*39 1 00 0*33 3136 685 20*10 5*83 

The crystals are rnonoclinie with axial ratios a : b : c — 1*1687 : 1 : 0*9776 and ^9=101° 47' ; 
the sp. gr. is 3*30-3-31 ; and the hardness 5-6 — vide titanosilicates. The mineral tseheff- 
kinlte was obtained by G. Rose from the Ilmen mountains in the Urals, and it has also been 
found on the coast of Coromandel, in Madagascar, in Virginia, etc. It has been analyzed 
by H. Rose, R. Hermann, A. Damour, F. S. Beudant, F. W. Clarke, W. R. JDunstan, 
B. Szilard, F. Pisani, L. G. Eakins, and R. C. Price. It is a titanosilicate of the rare earth 
elements, thorium, iron, calcium, etc., and contains 23-47 per cent, of ceria earths ; up to 
3*4 per cent, of yttria earths ; 0 to 20 per cent, of thoria and zireonia ; and 16-21 per cent, 
of titanic oxide. R. C. Price’s analysis corresponds with (Ca, Fe) 8 (Di, Ce, La, Fe) 2 (Si, Ti) 5 0j 6 . 
Thcfconstitution lias been discussed by C. F. Rammelsberg, A. des Cloizeaux, R. C. Price, 
J. D. Dana, and R. Hermann -•wide titanosilicates. The mineral is velvety-black and 
amorphous. Tts sp. gr. is 4-26-4*55 ; and its hardness 6 0-5*5. Under the microscope, the 
mineral is not homogeneous. The mineral is attacked by hydrochloric or nitric acid with 
the separation of gelatinous silica. 

G. P. Tschernik * descrilied a kind of titanium zirconosilicate which he obtained from 
Batum, and called tltanocerlte. The sp. gr. was 5*08 and the hardness 5 to 0. The 
composition was : 

CaO FeO CuO SIO, TIO, ZrO, P,0, S0 3 H,0 

2*33 3-70 0-67 6 57 14 73 11*67 3*30 0-97 3 43 

together with 

Y,0, La,O g Dl a 0 3 Ce,O s Er,0, ThO, UO, 

6-97 6*73 2-27 34*20 0 67 0*73 trace 

The brown, transparent zirconosilicate of calcium and the rare earth metals occurring 
hear the Sea of Azoff, Russia, called beokellte, has, according to J. Morozewicz, the com- 
position : 

Na,0 K,0 CaO Mn 2 0 3 SIO, A1,0 3 ZrO, Loss on Ignition 
0-78 0-39 15-46 0*07 17 13 0 30 250 099 

with traces of magnesia and ferric oxide ; 2 80, (Y, Er),0 3 ; 13*60, LaJO, ; 18*0, Di 2 0 3 ; 
28-10, Co,0 3 . The formula may be Ca 3 (Y, Ce, La, Di) 4 (Si, Zr) 3 0 15 . The crystals are 
ootahodral belonging to the cubic system ; the sp. gr. is 4*15 ; and the hardness, 5. It is 
soluble iu hot hydrochloric acid, even after ignition. 

W. C. Brogger’s analyses * of tho three borosilicates, mel&nocerlte, caryocerite, 
cappelenite, and N. Kngstrom’a analysis of tritomlte, are shown in Table IV. These 
minerals were also studied by B. Szilard. The formula of cappelenite approximates 
(Y, La, Di)BOj,(Ba, Ca, Na 2 , K 2 )SiO s . Metanocerite dissolves in hydrochloric acid with the 
separation of silica ; cappelenite is likewise decomposed by that acid ; and tritomite dissolves 
with tho separation 01 gelatinous silica and the evolution of chlorine. T. Liebiseh noted 
tho thermoluminescence of tritomite. E. S. Larsen studied the optical properties ol caryo- 
cerite, tritomite, and homilite. S. R. Paijkull analyzed a borosilicate 01 the rare earth 
metals, calcium, and iron which occurs near Brevig, Norway. It is accompanied by 
erdmannite and melophanite, and is named homilite— dfuKlw, to occur together— vide 
borosilicates. Tho mineral was also studied by A. des Cloizeaux and A. Damour. It 
contains up to 2-6 per cent, of ceria earths, and the formula approximates 
(Ca, Fe) 2 (B0,(Si0 4 ) 2 . The crystals are rnonoclinie and isomorphous with gadolinite. The 
sp. gr. is 3-34-3-38 ; its hardness is 4 5 to 5-0 ; and it is pleoehroic. W. C. Brogger found 
the borosilicate oappelenite in the islands of Langesund Fiord, Norway, in 1885. It contains 
4*20 per cent, of ceria earths, 52-55 per cent, of yttria earths, and 0*79 per cent, of thoria, 
as well as silica, borio oxide, etc. The greenish-brown mineral approximates BaSi0 3 .YBO, 
in composition. According to B. Szilard, the prismatic crystals are hexagonal. The sp. gr. 
is 4-407 ; and the hardness 6 0-6-5. H. Sjogren, and A. E. Nordenskjdld analyzed the 
yellowish- bi-own mineral ealnoslte or cenosile from Hitteroe, and found 

Na,0 MgO CaO FeO Y,0, (Ce, La, Di),0, SIO, CO, H,0 
3-6 1*4 16-5 2-9 35*9 trace 31*7 51 2-9 

corresponding with the carbonatoailicate, Ca,Y,(Si, CLO^HjO ; or, according to 
C, F. Rammelsberg, CaCO..CaY ,Si 4 0 12 .2H,0. • W. C. BrOgger and co-workers made 
observations on the mineral. According to H. Sjfigren, the rhombic crystals have the axial 
ratios a : b : c=0-9517 : 1 ; 0-8832. The sp. gr. is 3-38-3*413, and the hardness 5 to 6. It 
is easily decomposed by hydrochloric acid, and carbon dioxide is evolved. There are some 
decomposition products of thorite and orangite— vt'rfe thorium — which contain rare earths. 
Thorite has up to about 5 per cent, of rare earths. The ealeto thorite of W. C. Brdgger 1# 
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Tabus IV —Composition op So mb Rark Earth Borosilioatrs. 



MeJanooerlte. 

Csryooerltc. 

Cappelenlte. 

Trltomlte. 

K-0 


- - 

0*22 

0*71 

Na»0 

MgO 

1 45 

1-42 

0*53 


0 14 

017 



CaO 

8*62 

7*37 

0*67 

6*97 

BaO 


— 

8*29 


a$, : 

3*19 

4*70 

16*98 

8 37 

0*83 

0*87 


088 

Mn s O a . 

1 22 

0*66 


034 

Fe 2 0 3 . 

YA - 

2 09 

1*36 


1*65 

017 

2-21 

62 62 

2*58 

La,O a 

12*94 

14*34 

2 97 

21*56 

Di t O s . 

7*67 

0*75 

— 

4*76 

Ce,0, . 

20*76 

14*83 

1 29 

8*14 

CO 2 ... 

1 75 

0*35 



Si() s 

13*07 

12*97 

14*66 

13*59 

ZK) 2 

0*46 

0*47 


1*03 

Ce0 2 

3*68 

5*89 

— 

11*26 

ThO a 

106 

13*64 

0*80 

8 58 

P,0 5 

1*29 

086 




170- . 

Ta-Oj . 


trace 



3*65 

3*11 


HI 

HjO 

3*01 

4*77 

0*61 

6*48 

F ... 

5*78 

5*63 


3*15 

Trigonal axial ratio . 

1 : 1*25537 

1 : 1*2903 

1 : 1*1845 

1 : 1*114 

8p. gr. . 

4*1134*148 

4*286 -4*305 


4*15-4*25 

Hardness 

5 to 6 

' 

5 to 6 


| 5 to 6 


approximates 59 3 per cent, of thoria ; 0 23 per cent, of yttria earths ; and 0*39 per cent, 
of cerio earths — 5ThSi0 4 .2Ca 2 Si0^.10H 2 0. It is a red amorphous mass of sp. gr. 4*114, 
and hardness 4*5, found on the islands of Langcsund Fiord, Norway. Tho amorphous 
silicate of the rare earth metals, thorium, aluminium, iron, manganese and sodium, found 
near Brevig, Norway, and called freyalite, has 31*1 per cent, eeria earths; 28*4 per cent, 
thoria; and 6*3 percent, zirconia. Its sp. gr. is 4 00-4*17, and its hardness 0. It was 
studied by W. C. Brogger, und A. Dainour. YV. K. Hidden and J. B. Mackintosh found 
auerlite, approximating ThO-.J P t 0,.Si0 8 .2H a 0, as a yellow or brownish-red tetragonal 
mineral in North Carolina. Its sp. gr. is 4*422 to 4*706 ; B. Szilard found 8 to 10 mols of 
water. The brownish- black mineral eueraslte from Brovig, Norway, is likewise an altered 
thorite ; it was studied by W. C. Brdgger, and S. R. Paijkull. It contains 14 per cent, 
ceria earths ; 5*9 percent, yttria earths ; 30*0 per cent, of thoria ; and 0*6 per cent, of zirconia ; 
in addition, the oxides of calcium, iron, manganese, sodium, and titanium; and water. 
W. C. Brdgger's sample was isotropic and amorphous, S. R. Paijkull’s sample was in rhombic 
crystals. The sp. gr. is 4*39, and the hardness 4*5-5 0, Tho black opaque mineral mtokin- 
toshlte is found at BlufTton, Llano Co., Texas. It was studied by W. E. Hidden, B. Szilard, 
F. W. Clarke, and W. F. Hillebrand. It is a complex mixture of silica and oxides of the 
rare earth metals, thorium, uranium, iron, calcium, magnesium, lead, sodium, boron, 
tantalum, etc. The thoria amounts to 45*3 per cent., the uranium oxide, UO,, 22*4 per 
cent. ; the rare earths, 1*9 per cent. ; and the zirconia, 1*0 per cent. Tho tetragonal 
crystals resemble those of thorite. The sp. gr, is 5*42, and the hardness 5*5. W. E. Hidden 
and J. B. Mackintosh obtained a silicate of thorium, uranium, etc., with 6 7 per cent, of 
rare earths. The approximate formula is U0 8 .3Th0,,3Si0..6H,0. The mineral was 
called thorofummlte, and it is regarded as an altered mackintosh ite. The crystals resemble 
zircon, but it usually occurs massive. The sp. gr. is 4*43 to 4*54, and the hardness 4 *0-4*5. 
The yellowish *brown tetragonal mineral yitrofummlts was found by W, E. Hidden and 
co-workers in Llano Co., Texas. It contains 6*7 per cent, of rare earths, and 41*4 per cent, 
of thoria. The formula approximates U0..2Th0|.3Si0 r 3H t 0. Its sp. gr. is 4*43-4*94, 
and its hardness 4*0-4*5. The bright yellow amorphous mineral pilbarfte from Filbara, 
West Australia, was found by E. S. Simpson to contain traces of ceria and yttria earths. It 
has 31 per cent, of thoria, and approximates PbO.UO s .ThO r 2SiO r 2H s O. Its sp. gr. is 
4*4-4*7, and the hardness 2*5-3 0. 

A. G. Ekeberg 11 found black and yellow" tantalates of yttrium, iron, and 
calcium with some uranium in the red felspar at Ytterby, Sweden, and be called them 
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yttrotantalite . The mineral was found also at Finbo and Broddbd near Fahlun ; 
R. J. Haiiy called it tantale oxid'e yttrifere ; and R. Hermann, yttroilmenite . A 
similar mineral was described by B. Szilard. A tantalo-columbatc of the rare 
earth metals , iron, calcium, and uranium, was discovered in the Urals and analyzed 
by G. Rose in 1839, and called uranotantalite , he also called it uranoniobite. 
H. Rose in 1847 renamed it samarskite after a Russian engineer who obtained him 
the specimen for analysis. The mineral is also called eytlandite. Samarskite and 
yttrotantalite are now considered to be the same mineral species. The prismatic 
crystals of the opaque, velvety-black or yellowish-brown mineral belong to the 
rhombic system. E. S. Dana gave for the axial ratios of samarskite a:b:c 
=0*5456 : 1 : 0*5178 ; and W. C. Brogger, for yttrotantalite 0*5566 : 1 : 0*5173. 
Samarskite and yttrotantalite are isomorphous. K. von Chrustchoff’s analysis of 
a specimen of samarskite from Miask, Urals, gave : 


Na 8 0 

K,0 

MgO 

CaO 

MnO 

FeO 

ZnO 

FbO Fe,0 3 Al,O s 

SnO, 

ZrO, 

wo, 

0*28 

0‘21 

(HI 

05 1 

0-60 

11*16 

0 17 

0-15 2 13 0-10 

0-79 

103 

1*73 

810, 

TiO, 

<Jb a O # 

TsjOj 

h,o 

ThO, 

uo s 

Y a 0 3 Er,0 3 

Ce # 0 3 


bi a 0 3 

0*12 

0-68 

32 02 

11-18 

1*22 

1*73 

11-23 7-83 13-37 

0-25 

0-37 

1-66 


Analyses of samarskite have been made by 0. D. Allen, J. L. Smith, B. Szilard, 
%M. Delafontaine, R. Hermann, H. Rose, R. J. Strutt, G. H. Williams, T. S. Hunt, 
C. F. Rammelsberg, G. C. Hoffmann, Y. Shibata and K. Kiniura, W. F. Hillebrand, 
W. C. Brogger and co-workers, G. P. Tschernik, and A. Lacroix ; and analyses of 
yttrotantalite by C. F. Rammelsberg, W. C. Brogger, and G. P. Tschernik. Yttro- 
tantalite usually contains rather more tantalum than samarskite. C. F. Rammels- 
berg gave the formula (Fc", Ca, UO 2 ) 3 R 2 (Cb,Ta) 0 O 2 , where R represents the 
elements of the rare earths ; P. Groth regards samarskite as a pyrocolumbate or 
pyrotantalate, R 4 [(Cb,Ta) 2 07 ] 3 , where iron, calcium, and uranium are regarded as 
accessory constituents. A. des Cloizeaux considers the formula indefinite. 
Germanium was reported in samarskite by K. von Chrustchoff ; and the rare 
earth samaria is also found therein. The sp. gr. is 5*6-5*8, and the hardness 5 to 6. 
A. L. Fletcher gave 1330° for the m.p. of samarskite. 

The nohlite of A. E, Nordenskjdld is a brownish-black massive variety of samarskite, 
containing about 4-0 per cent, of water, and found near Nohl, Sweden. Its sp. gr. is 5-04, and 
hardness 4'5 to 5-0. The loranscite from Imbilax, Finland, analyzed by P. Nikola6eff ; the 
plumboniobite from Morogoro, West Africa, analyzed by O. Hauser ; the rogersite of 

J. L. Smith from North Carolina ; the annerodite of W. C. BrOgger from AnnerOd, Norway ; 
the rhombic crystals of hjelniite or hielmite of sp. gr. 5-82, from Kararfvet, Sweden, and 
analyzed by C. F. Rammelsberg and M. Weibull ; and the ampangabeite of A. Lacroix from 
Ampangab^i, Madagascar, are all closely related to samarskite, or to weathered products of 
that mineral. The dark brown or black crystals of plumboniobite are isotropic ; the 
formula is (Fe, Pb, Ca, U0 4 ) a Cb 8 0 7 R 4 (Cb 2 0 : ) 3 , where R denotes aluminium, the yttria 
earth elements. The yttria earths are rich in gadolina and samaria, the ceria earths are 
almost absent. The sp. gr. is 4 80 4*8 1 , and the hardness 5 0 to 5*5. Unlike samarskite, 
it does not glow when heated. O. Hauser found the mineral to bo radioactive and to give 
much occluded gas, including helium, when heated with sulphuric acid. Y. Shibata and 

K. Kimura found a mineral at Ishikawa, Japan, which they called ishikawaite. It occurs 
in black crystals carrying 8*40 per cent, rare earths; 2188 per cent. UO, ; 36 per cent. 
Cb.O, ; 16 per cent. Ta a O s ; etc. The axial ratios of the rhombio crystals are a :b : c 
=*0*9451 : 1 : 1*147, the sp. gr. 6*2--6*4, hardness 6-6. 

H. L. Gieseckc 12 found a mineral in the quartz near Cape Farewell, Greenland, 
in 1806, and later, W. Haidinger named it fergusonite ; the same mineral was 
found at Ytterby, Sweden. D. Forbes and T. Dahll found a similar mineral at 
Hampemyr and Helle near Arendal, Norway, and called it tyrite ; and D. Forbes 
iound a similar mineral at Helle, Naresto, Aloe, and Askero, Norway, which they called 
bragite. J. A. Mich&lson and others have shown that these minerals are probably 
fergusonite. In addition to the occurrences in Norway and Sweden, and Greenland, 
the mineral has been reported at Rockfort, Massachusetts; Burke Co. and 
Amherst Co., North Carolina ; Llano Co., Texas ; Durayakanda, Kuriwita, and 
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Rakivana, Ceylon ; Terek, Caucasus ; bet ween Tamatavc and Beforona, Mada- 
gascar; Cooglegong, West Australia. Analyses have been made by B. Szilard, 

V. Hartwall, H. Weber, A. E. Nordenskjold, J. J. Berzelius, D. Forbes and 
T. Dahll, J. Potyka, J. A. Michalson, C. F. Rammelsberg, J. L. Smith, W. H. Seamon, 

W. E. Hidden and J. B. Mackintosh, G. T. Prior, G. Tschermak, W. 0. Brogger, 
G. S. Blake, A. Lacroix, and E. S. Simpson. The following analysis is by 
W. 0. Brogger of a sample from Rade, Norway : 


BeO MgO 

0*40 005 

CaO MnO FcO SIO, 

1*23 0 15 0-78 1-44 

Sno, n»,o 4 

008 30*30 

Ta,0 # 

fl-25 

11,0 

4*00 

aud traces of zirconia, together with 




(V, Er),0, 
3503 

Ce,O a (La, 1)0,0, 

0-72 2 25 

ThO, 

2 15 

UO, 

408 



The mineral may be regarded as a columbate and tantalate of the rare earth metals 
with uranium, iron, calcium, etc. The idealized formula is R(Cb,Ta)l) 4 , where R 
denotes the metals of the rare earth group— chiefly yttria earths. W. C. Brogger 
gives the more complex formula (Th,U)(Si,Sn)0 4 .12H(Cb,Ta)0 4 . G. Hovcsy and 

V. T. .Jantzen found no hafnia in fergusonite. M. S. Curie, and R. J. Strutt 
studied the radioactivity of the mineral. 

The brownish-black pyramidal crystals belong to the tetragonal system with the 
axial ratio a :c - 1*4643. The sp.gr. is 5*84, which is smaller with the more 
hydrated specimens; the hardness is 5 to 6. A. L. Fletcher gave 1300° for the 
in.p. of fergusonite. W. Ramsay and M. W. Travers found the mineral contains 
1*3 to 15 c.c. of helium per gram ; and when heated to 500°-600 o , it glows suddenly, 
giving off its helium, and decreasing in sp. gr. from 5*617 to 5*375 ; at the same time 
8*92 Cals, per gram are evolved. 

The ruthdrfordite obtained by 0. U. Shepard from the gold mines of Rutherford, North 
Carolina; the kochelite obtained b\ M. \Vebnky, and It. Szilard from the Koehelweiae, 
Silesia ; and the adelpholite obtained by N. Nordcmskjold from Finland, wore probably all 
more or less altered fergusonitos. The sfpyUte, found by .1. W. Mallet in Amherst Co., 
Virginia, m 1 877, and named after Sipyhts. one of the sons "f Niobo in allusion to the 
contained niobium (columbium), is closely related to fergusonite. The idealized formula 
given by .1. W. Mallet is R 3 0 3 .(Cb, Ta) 2 0 6 , where the basie elements include, besides 
the rare earths, iron, calcium, etc. Some tungstic oxide is also present. R. J. Strutt 
found the mineral also contained 40 per cent, of thoria, and some uranium, radium, 
and occluded helium. The yellowish or greenish-brown mineral rlsorlte, found in tho 
granite of Uisor, Norway, is considered by (). Hauser to be an orthoeolumbate, 
R(('b,Ta)0 4 , with admixed isomorphous metatitanate, R 2 (Ti() 3 ) iV It diffors from 
fergusonite chiefly in tho higher proportions of titanic oxide, in a higher loss on ignition, 
and m tho almost complete absence of uranium. The rare earths aw chiefly yttria with 
some erbia, and a little terbia ; ecria, lant liana, and didymia am also prcHcnt. Tho mineral 
is radioactive, and contains much occluded helium, which iH unusual with minerals containing 
so little uranium anil thorium, ft was investigated by W. C. Brogger and co-workers. 
Tho mineral is isotropic in polarized light, but no good crystals have l>eon obtained. The 
hardness is 5*5 ; and the sp. gr. 4- 179 rises to 4 '(ilH on ignition. A, L. Fletcher gave 1720° 
for the in.p. of the mineral. 

J. J. Berzelius 13 discovered a black mineral at Miask, Urals, which appeared 
to be a columbate and titanate of rare earths, and other bases; he called it 
aeschynite — alar^vyr), shame — in illusion to the inability of chemists, at the 
time of its discovery, to separate titanium and zirconium oxides. It also 
occurs at Hitteroe, Norway ; and a variety described by J. J. Berzelius was 
called polymignite. This mineral occurs at Fredriksva'rn, Norway, and at Beverley, 
Massachusetts. Polymignite was shown by H. Rose to be probably identical with 
aeschynite. When the ceria earths are replaced by yttria earths, a similar variety 
is obtained resembling polycrase in composition, but W. C. Brogger named it blom- 
slrandim — vide infra. Analyses of aeschynite were made by V. Hartwall, 

W. 0. Brogger, R. Hermann, J. 0. G. de Marignac, R. J. Strutt, L. Schmelck, 
G. P. Drossbach, C. F. Rammelsberg, and G. Tschermak. The results show that 
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it approximates to 2R(Cb0 3 )3.2ThTi04.Ti0 2 , where R respresents the rare earth 
metals partially replaced by iron (ous), and thorium by iron (ous) and calcium. 
R. J. Strutt found it contained uranium, radium, and helium. The rhombic crystals 
were examined by G. Rose, H. J. Brooke, and A. des Cloizeaux. N. von Kokscharoff 
gave a : b : c=048665 ; 1 : 0 67366 for the axial ratios. The sp. gr. is 4*93-5’ 17, 
and the hardness 5 to 6. A. L. Fletcher found the mineral melted between 1245° 
and 1330°. 

T. Scheerer, 14 in 1839, discovered a rare mineral which he named euxenite — ev&vo?, 
a stranger— in allusion to its scarcity. It was found at Jolster, Norway ; and it has 
since been found in various places in Scandinavia, North Carolina, South Australia, 
etc. Analyses have been made by C. F. Rammelsberg, L. Schmelck, H. Lange, 
W. A. A. Prandtl, D. Forbes and T. Dahll, A. Strecker, J. J. Chydenius, J. C. G. de 
Marignac, C. J. Jehn, C. W. Blomstrand, L. A. Aars, B. Szilard, R. J. Strutt, 
0. B. Boggild, W. C. Brogger, E. S. Simpson, 0. Hauser and F. Wirth, G. T. Prior, 
H. Lange, A. Lacroix, K. A. Hofmann, etc. G. Tschermak gave for a sample from 
Caucasus : 

OaO Fe s O a (V, Er),0 3 Ce t 0 8 La,0 3 Di 8 0 8 S10 8 TiO* U 8 0 3 Cb,0 6 

0-44 3*24 11*20 8 53 0*55 0*48 7*03 33*31 11*11 22*20 

^vith a trace of thoria, and 0 93 per cent, of water. This makes the mineral a titano- 

columbate of uranium and the rare earths, Y 2 Ti 4 0 11 .2(Ca, Fe)Cb 2 05.(U0 2 )Cb 2 05, or 
Y 2 Ti40 11 .R // Cb 2 0 fl . J. J. Chydenius also found thoria in a sample of the mineral, 
but only traces of ceria. G. Hevesy and V. T. Jantzen found no hafnia in euxenite. 
According to B. B. Boltwood, euxenite is usually radioactive, and contains 
helium. G. Kriiss reported germanium in euxenite, but G. Lincio could find 
none. K. A. Hofmann and W. A. A. Prandtl believed that they had discovered 
a new element in euxenite, and named it euxenium, but 0. Hauser and F. Wirth 
showed that in all probability some mistake had been made. The rhombic crystals, 
according to W. C. Brogger, have the axial ratios a : b : c—0'3789 : 1 : 0*3527 ; the 
sp. gr. is 4*6-5’4 ; the hardness, 5’0-6’5. A. L. Fletcher found the mineral 
melted at about 1375°. T. Scheerer discovered a related mineral in the granite of 
Hittero, Norway, and near Dresden. He named it polycrase ttoAi'?, many ; 
K/wuris, mixture. Analyses were made by T. Scheerer, 0. F. Rammelsberg, 
W. E. Hidden and J. B. Mackintosh, and C. W. Blomstrand. Polycrase and euxenite 
aro isomorphous. According to W. C. Brogger, the ratio of the acidic oxides 
Cb 2 Og : Ti0 2 is nearly 1 : 2 in euxenite, but in the analyses of euxenite and polycrase 
this ratio ranges from 1 : 2 to 1 : 5, or, according to H. Lange, from 1 : 2 to 1 : 6. 
There is a continuous variation in composition between these limits, and the members 
of the isomorphous scries are regarded as solid soln. with the unknown meta- 
columbatc and metatitanate as end-terms of the series. W. 0. Brogger suggests 
that the name euxenite be reserved for the minerals with the ratio Cb 2 0 8 : Ti0 2 
between 1 : 2 and 1 ; 3, and polycrase for those with the ratio less than 1 : 4. 
A. L. Fletcher gave 1420° for the in.p. of polycrase. The isomorphous euxenite- 
polyorase serios is dimorphous ; and there is a parallel series of similar composition 
with priorite analogous with euxenite and blomstrandine analogous with polycrase. 
These two types were discussed by W. C. Brogger and co-workers ; they belong to 
the rhombic system and have axial ratios a : b : c=0*4746 : 1 : 0*6673 ; the sp. gr. 
ranges from 4*82 to 5 00. Analyses have been made by G. T. Prior, 0. Hauser and 
H. HeTzfeld, B. Szilard, and W. C. BroggeT. A bibliography has been compiled by 
J. Schilling. 

F. Wfthler 11 found a oolumbate of calcium, cerium, etc., in the syenite at Fredriksvam 
and Laurvig, Norway ; it also occurs near Brevig, Alnd, and Sundsvall, Sweden ; 
Tschoroch, Caucasus ; and near Miask, Urals. It was named pyroehlore — irtfp, fire ; 
X*«p4 », green— in allusion to its colour before the blowpipe flame. Analyses have been 
mane by C. F. Rammelsberg, R. Hermann, F. Wdhler, B. Szilard, J. J. Chydenius, 
G. Tschermak, P. J. Holmquist, and K. von Chrustclioff. A sample from the Urals 
furnished the last-named with the analysis : 
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Na,0 K,0 CaQ FeO TiO, (Cb, 1*1,0, F 

3*36 0-87 1405 252 832 5601 2*77 

with traces of xiroonia and magnesia, and the rare earths : 

(Y, Kr),0, Ce,0, Di,0, L&,0, UO ThO, 

0-50 2 16 1 94 1 23 2 63 4*28 

The presence of water is probably duo to a secondary action. A. L. Fletcher gave 1340* 
for the m.p. of pyrochlore. R. Hermann called the varieties containing water hydrochlore, 
and those containing fluorine fluoehlore. The brown octahedral crystals belong to the cubic 
system. The sp. gr. is 4-2 to 4 4 ; and the hardness 5*0-5*5. Tlie thermoluminesconce 
has been studied by W. Ramsay and T. Liebisch. P. J. Holmquist synthesized tho mineral 
by melting together calcium chloride, columbie acid, and sodium fluoride. The crystals 
had the composition NaCaCb,0,F. 

8. Weidman and V. Lenher found brown octahedral crystals of a mineral in the pegmat ite 
near Wausau, Wisconsin. The mineral was named marignaeits. Tho sp. gr. was 4*13; 
and hardness 5*0-5*5. Analysis gave : 

CbjOj Ta,0, StO, TIO, Fe,0 3 FeO Cat)’ MkO Na,0 K,0 
5522 5-86 3*10 2*88 0*50 002 4 10 0*16 2*52 0*57 

Water above 1 10°, 5*95, and below 1 10°, 0*45 per cent. Tho rare earth contents were Co,O a , 
13*33 ; Y,O a , 5*07 ; and Th0 2 , 0*20 per cent. Traces of alumina, manganese, tin, tungsten, 
didymia, fanthana, and erbia are reported. Marignacite thus differs from other members 
of tho pyrochlore group in containing more cerium and yttrium and less calcium ami iron 5 * 
also in the presence of a little sdica, suggesting a relation to the titanosilicates. The water, 
no doubt, represents hydroxyl, isomorphousty replacing fluorine, which is hero absent. 

It was also studied by B. Szilard. It is insoluble m acids. The loransdte of M. P. Meinikoff 
and P. I>. Nikola jeff, found near imbdax, Finland, is closely related to cuxenito ; it contains 
3 0 per cent, of ceria, 10*0 j>er cent, of yttria, 20*0 j>cr cent, of thoria earths. Its sp. gr. is 
3*8 to 4*8 ; and the hardness 6. W. Ramsay and A. Zilhacus, L. J. Spencer, and W. Crookes 
referred to a mineral which II. Borgstrom considered as belonging to a group of minerals 
containing loranscite, and he called the group Wllkite. It is a eolumbatotitanosilieiite of 
iron and the rare earths. According to H. Borgstrom, the rhombic crystals have the axial 
ratios a : b : c~~0*6317 : I : 0*6046. A. L. Flet<*her gave 1250° for tho m.p. of wiikite. 

The minerals blomstrandlte, betaflte, and samlreslte closely resemblo pyrochlore. They 
occur in octahedra. Blomstrandlte occurs massive at Nohl, Sweden, and in crystals at 
Tongafeno, Madagascar G. Lindstrom analyzed the former, A. Lacroix the latter ; belafita, 
from Ambolotora, Madagascar ; and samiresttr, from Samiresy, Madagascar, wero analyzed 
by A. Lacroix. They contain more uranium and leas alkalies than pyrochloro ; otherwise 
their properties are similar. They contain from 0*2 to 3 0 per cent, of raro earths ; up to 
1*30 per cent, thoria ; 18*1 to 26*6 per cent. U,0 4 ; bismuth oxide, up to 0*4 per cent. ; 
lead oxide, up to 7*35 per cent. ; nearly 50 per cent, of tantalic and columbie oxides ; 6*7 
to 18*3 per cent, titanic oxide ; up to 0*3 f>cr cent, stannic oxide ; etc. O. Hauser and 
H. Herzfeld, and B. Szilard studied blomstrundite. C. U. Shepard found yellow* octahedral 
crystals of calcium tantalate and columhate in tho albite at Chesterfield, Mass., and called 
tho mineral mlerolite twcp6s, small in allusion to the size of the crystals. Micromerito 
also occurs at Uto, Sweden ; Amelia, Virginia ; Igaliko, Greenland ; and West Australia. 

It is a kind of pyrochlore with a high proportion of tantalic acid. It was analyzed l»y 
C. U. Shepard, A. A. Hayes, F. P. Dunnington, A. F. and G. Nordonskjdld, and 10. S. Simpson. 
The sp. gr. is 5*405 to 5*056 ; and the hardness 5*5. The Virginia sample analyzed by 
F. P. Dunnington gave : 

Na,0 K,0 BeO MgO Cat) Fc-,0, Al,O a WO, HnO «J1>, Ta),0, 

2*86 0*29 0*34 1*01 11*80 0*29 0*13 0*30 1*05 76*17 

and 1*17 of water ; 2*83 of fluorine ; T59 of UO, ; 0 23 of yttria earth ; and 0*17 of ceria 
earth. J. L. Smith, and 0. D. Allen found octahedral crystals of a calcium columbate and 
tantalate in the mica mine, Mitchell Co., North Carolina. They called the mineral hatQhtt> 
tollte. It is closely related to pyrochlore. Its sp. gr. is 4*77-4*90 ; and its hardness, 5. 
Analyses showed 0*86 per cent, yttria earths ; 7 09, calcium oxide ; 16*63, uranic oxide ; 
1*61, titanic oxide ; 67*86, bf columbie and tantalic oxides ; etc. A. Knop found a mineral 
in the limestone near Schelingen, Baden, which resembled pyrochloro but contained no 
titanic oxide, and little or no fluorine. He called it kopplte. Analyses have been made 
by A. Knop, and G. H. Bailey. It contains 6*89-10*10 per cent, of ceria earths ; 61*84- 
81*90, tantalic and columbie oxides; 16*00-16*61, calcium oxide; etc. The sp. gr. 
is 4*45-4*56. The neotantaUta of P. Termier obtained from Allier, France, occurs in 
octahedral crystals and appears to be closely related to the above. The pytffeH*— 
'fvpii, yellowish- red- like fire — of G. Rose, found as octahedral crystals at Alabaachka in 
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the Urals, is considered to t>o closely related with microlite. Likewise also with the orange- 
red octahedral crystals — called by J. D. Dana, azorite — found by G. vom Rath, J. E. Tesche- 
maeher, A. Osann, and A. Corsi in the albite rock at San Miguel, Azores ; by L. L. Hubbard, 
at Laacher See ; and by W. C. Brogger at Moss and Kragero, Norway — vide the zirconato- 
silicates. 

A red silicotantalate of yttrium metals with cerium, aluminium, iron, calcium, beryllium, 
etc., which occurs at Yttorby, Sweden, is an amorphous decomposition product. It has 
been called arrhenlte, and was investigated by A. E. Nordenskjold, and N. Engstrom. It 
contains yttria earths, 33*2 per cent. ; ceria earths, 2 6 ; tantalic oxide, 21*28 ; columbic 
oxide, 2*67 ; alumina, 3*88 ; ferric oxide, 1*87 ; silica, 17*65 ; zirconia, 3*42 ; beryllia, 
0*74 ; calcium oxide, 5*22 ; and water, 6*87 per cent. Its sp. gr. is 3*68. G. Flink, and 
O. B. Boggild and 0. Winther found in the same locality a mineral which was called endeloUte, 
it contains 4*43 of the rare earths, and 3*78 per cont. of zirconia. Its approximate formula 
is RCb 2 0 # (0B) 2 .RSi0 ;j -vide the eolumbatosilicates. 

Fluorine is the only halogen which occurs in nature in combination with the rare 
earths. The chlorine in eudialitc is probably of secondary origin, and is possibly 
part of the zirconyl radicle, ZrOCl. T. Schcerer 16 emphasized the fact that except 
in a few cases the rare earth minerals occur in igneous rocks, particularly the granites, 
which have undergone metamorphosis. In a few cases where erosion has occurred, 
the secondary formation has in all probability been derived from plutonic rocks 
of great age. G. Eberhard has found that the age and nature of the common rocks 
has no influence on the traces of the contained scandia and yttria earths ; but rare 
earth minerals are usually very stable and have been formed by the metamorphosis 
of granites. The occurrence of fluorine in the rare earth minerals is also in agreement 
with the assumption that they have formed during the pneumatoly tic metamorphism 
of plutonic rocks. 

The mineral yttrocerite was discovered by J. J. Berzelius and J. G. Gahn. 17 
It is found massive or granular, and coloured white, violet-blue, or reddish-brown ; 
and it occurs sparingly in different parts of Scandinavia. G. Gibbs found it in 
New Jersey ; 0. T. Jackson in Massachusetts ; and W, F. Pettard in Tasmania. Its 
composition corresponds with a mixture of ceria and yttria earth fluorides with 
calcium fluoride approximating 2CeF 3 .4YF3.9( , aF2.2H 2 0 ; or 5RF 3 .9CaF2.2H 2 0. 
Analyses were also made by G. F. Ramtnelsberg, and 0. T. Jackson. G. Tsehermak’s 
analysis of violet-blue crystals of yttrocerite from Colorado gave : 

0o a 0 a Y a () 3 L'aO ii a o i’ 

18*19 29*36 27*61 1*96 37*69 

with traces of Al 2 () 3 .Si0 2 . The proportions of ceria earths range from 9*3 to 18*19, 
and the yttria earths from 8*1 to 29*36 per cent. Hence yttrocerite has been 
regarded as fluorspar in which part of the calcium has been replaced by the ceric or 
yttria earth metals. E. F. Gloeker called it yUrocalcile. The hardness is about 
4*5, and the sp. gr. 3*45. A. L. Fletcher found yttrocerite infusible below 1510°. 
The powdered mineral readily dissolves in boding hydrochloric acid and more readily 
still in hot sulphuric acid. T. Vogt discovered a mineral in the pegmatite vein of 
Northern Norway ; it is related to yttrocerite, but contains less cerium and more 
yttrium. Hence lie called it yttrofluorite. It also contains less water than 
yttrocerite. His analysis is : 

C*,0 3 Y,0, CaO Alkalies H,0 ¥ 

1*68 17*35 54*80 0*15 0*67 45*54 

T. Vogt regards the mineral as au isomorphous mixture of calcium fluoride with 
yttrium fluoride together with cerium fluoride, where the terms yttrium and cerium 
represent the corresponding groups of rare earths metal. This hypothesis explains 
the frequency in the occurrence of the rare earths in fluorspar. The crystals belong 
to the cubic system. The sp. gr. is 3*5356 to 3*5572, the hardness 4*5 ; the index 
of refraction for Na-light, 1*4522- 1*4572. E. Dittler also studied the mineral. 

J. J. Berzelius 11 found a basic fluoride of ceria and yttria earths at Finbo and Broddbo, 
Sweden ; and called it basisk Jlusso patsayradt cerium. W. Haidinger's term fiiKMtfltt 
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is now generally employed. It contains from 81-43 to 82-04 per cent, of eeria earths, ami 
1*12 to 4-30 per cent, of yttria earths. M. VVeibull gave tho formula (O, La, l)i),OF,. 
The mineral is very scarce. It occurs in hexagonal crystals of sp. gr. 5-7-511, and hardness 4. 
A. Hadding studied the X-radiogram of fluocerito. The yellow hydrofluoriie from Finbo 
is probably a weathered product containing cerium hydroxide and fluoride. F. W. Clarke, 1 * 
and W. F. Hillebrand and W. E. Hidden described a mineral from the pegmatite of Llano 
Co., Texas, which they called rowlandlte. 

(Na, K),0 MgO CaO MnO FeO Fe,^ 810, H,0 F CO, 

0-28 1-62 0-50 007 430 000 20*04 024 387 0*34 

with a trace of phosphoric oxide, uranium and titanium oxides, 0*30 per cent, of matter 
undetermined ; and 

Y-group La-group Co,0 3 TliO, 

47-70 9-34 500 059 

They gave the formula R'R 4 Si 40 , 4 F 2 , where R is tcrvalent and R" bivalent. W. C. Brbgger 
gave R'(RF),R i (Si i 0 7 ) a ; and P. Groth, (Fe, Mg)(Y,Co, LaRYF^fSGO,),. 

J. J. Berzelius 20 found greyish-white, pink, or yellow crystals of kohknuaurcs 
Cereroxydul coating some cerite at Bastnas, Sweden. W. Hisinger, and F. S. Bcudant 
made some observations on the mineral ; the latter called it carlxx^nne. 
W. Haidinger called the mineral l&nthanite. It has also been found at Bethlehem, 
Pennsylvania ; and at Moriah, Essex Co., New York. The mineral is essentially 
a carbonate of the ceria earths, chiefly lanthana. Analyses have been made by 
G. Lindstrom, J. L. Smith, F. A. Gcnth, and C. F. Rammelsberg. The first-named 
gave for the Bastnas mineral: 

y,0 3 (La, I)1),0 3 0,0, (JO, lf,() 

0*79 28-34 25-52 21-95 23 40 

The analyses correspond with the enneahydrated carbonate, (La, l)i, Ce) a ((J0j}) a .9H 2 0, 
but since P. T. Clove, and C. Morton made the isomorphous octohydrated didymium 
salt, he concluded that lanthanitc is octohydrated. R. Hermann, and F. A. Genth 
synthesized lanthanum carbonate. K. F. A. Hartmann called the mineral hydro- 
cerite, and E. F. Glocker, hydrolanthanite. Lanthanite is usually amorphous; 
but tabular crystals have been examined by V. von Lang, and W. P. Blake ; they 
are rhombic, with axial ratios a : b : c 0 9528 : 1 : 0 9023. The sp. gr. is 2 0 2*7, 
and the hardness 2. It is readily soluble in acids. 

A. F. Svanberg obtained a chalk-like alteration product, which lie regarded as kolmjrad 
Ytterjord, as a thin film on gadolinito at Ytterby. <1. 1). Dana called it tangorltt ; it hus 
also been colled yttiia spur. F. A. Gonth’s analysis of a sample from Llano Co, Texas, 
sp. gr. 3-592, is: 

Cut) MnO Bet) Fi-,0, (Ce, 1)1, La, Y, Er),O a SIO, Loss on Ignition 
5-58 0-22 003 1453 39-20 1 03 930 

G. Flink found crystals of a hydrated carbonate of cerium and strontium at Nursaruk* 
Greenland, and called it ancylite — xv\os t sinuous -in roforenco to the sinuous surface of 
tho crystals. analysis is : 

CaO FeO SrO (Lu, 1)1), 0 3 0,0, CO, TliO, H,0 

1-50 0-35 21 03 2404 22 22 23 28 020 li-52 

with insoluble matters, 0 00 ; and there are traces of fluorine. The corresponding formula is 
4R(0H)C0 3 .3H,0. The brown octahedral crystals belong to the rhombic system, and have 
the axial ratios a : 6 : c=0’916 : 1 : 0-9174. The sp. gr. is 3’95, and the hardness 4*5. 

A brownish-yellow or red crystalline mineral found in 1835 in the emerald mines 
of Muso or Muzo Valley, New Granada, and in the collection of L. de Medici-Spada, 
was analyzed by R. Bunsen 21 in 1845. The mineral was at first called musile or 
mussile , but since a variety of amphibole had the same name, the mineral was 
designated parisite,from J. J. Paris, the proprietor of the mine. W. C. Brogger found 
it at Langesund, Norway ; G. Nordenskjold, at Narsarsuk, Greenland ; 8. L. Penfield, 
and C. H. Warren, in Ravalli Co., Montana ; C. Palache, and G. H. Warren, at Quincy, 
Massachusetts ; and G. P. Tschernik, at Mukden, Manchuria. Analyses have also 
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been made by A. Damour and H. St. C. Deville, S. L. Penfield and C. H. Warren, 
T. Korovacff, etc. The analysis by C. H. Warren of a specimen from Quincy, 
Massachusetts, is : 

Na a O KjO CaO Fe a Og LsjO Ce t O, CO, F Gangue 

030 0-20 11*40 0*32 27*31 30*94 24*16 6*66 102 

C. F. Rammelsberg said in 1875 that the available data do not suffice to deduce the 
constitution of this rare mineral. The best analyses make the mineral a fluocarbonate 
of calcium and the metals of the ceria earths, CaR 2 F g (C0 3 ) 3 . S. L. Penfield and 
C. H. Warren gave the formula 2RFC0 3 .CaC0 3 , or (RF) 2 Ca(C0 3 ) 3 , which is given 
graphically : 

R <0“O— O — C— O — C^O' >R—F 

O — — — Ca -O 

P. Groth gave (CaF)(RF)R(C0 3 ) 3 ; and J. Schilling, Ce 2 (C0 3 ) 3 .CaF 2 . R. Bunsen 
stated that the crystals belong to the hexagonal system, and have the axial ratio 
a : c=l : 3*2808 ; A. des Cloizcaux gave 1 : 3*289057 ; and K. Vrba, 1 : 3*36456. 
The crystals are now considered to belong to the trigonal system which makes the 
axial ratios a : c=l : 1*9425. G. Aminoff found that the spots of the X-radiogram 
did not change in position after the expulsion of carbon dioxide by ignition, and 
he therefore inferred that there is no displacement of the atoms or distortion of the 
structure. The symmetry is dihexagonal, and the at. distance in the direction of 
the c-axis is 1 1 *9 X 10~ 8 cms. The sp. gr. of the specimens analyzed by the different 
investigations range from 4*129 to 4*358. K. Vrba obtained 4*364; the hardness 
is 4 to 5. The double refraction, according to A. des Cloizeaux, is strongly positive, 
a>=l*676, €=1*757, and e— a>=0*081. With the spectromicroscope, crystals of 
parisite give the characteristic absorption bands of didymium— vide infra — 
illustrated by Fig. 2. 

O. Nordenskjfild described as parisite a mineral from Narsarsuk, Greenland, but G. Flink 
regarded it as a new species with the composition R J F 2 Ca 2 (C0 3 ) 4 . i.e. the same as parisite 
plus another mol of calcium carbonate; he named it synchisite —ad yx v<ris > confusion — in 
allusion to its having beon confused with parisite. C. Palachc, and (\ H. Warren noted 
the extraordinarily ciose rosein bianco between the physical and crystallographic properties 
of parisite and synchisite, and suggested that G. Flink’s material must have been parisite 
mixed with some calcium carbonate. This mineral was investigated by G. Flink, 
R. Mauzelius, O. B. Boggild, etc. G. Aminoff made similar observations on the X-radio- 
grams of synchisite as those made on parisite. E. Quorcigh concluded that the sp. gr., 
the optical properties, and the composition of the two minerals mako thoir identity 
practically certain. 

G. Flink discovered at Narsarsuk, Greenland, a barium-parisite which closely 
resembled ordinary parisite excepting that barium replaced the calcium. It was 
called COrdylite — *o a club— in allusion to the shape of the crystals. The 
analysis of the yellow crystals is : 

0*0 FeO BaO (La, D1),0, Co,O s 00, ThO, ¥% H,0 Uangue 

1*91 1*43 17*30 26*67 23*72 23*47 0*30 4*87 0*80 2*68 

and the formula (RF) 2 Ba(C0 3 ) 3 . The axial ratio of the hexagonal crystals is 
o : b : c=l : 1 : 1*1288, and they are isomorphous with those of parisite. The sp. gr. 
is 4*31 ; the hardness, 4 to 5 ; and, according to 0. B. Boggild, the indices 
of refraction are m=l*7640, and €=1*5762. B. Szilard examined this mineral. 

In 1838, W. Hiainger found that a mineral from Baatnas, Sweden, corresponded in com- 
position with a hydrated fluoride of the cerium metals, and J. J. N. Huot named it bast- 
niaite — this mineral also shows the didymium absorption bands, Fig. 1. T. Karawajeff 
obtained a mineral — named kiechtimiie—irom the alluvial sands of the Barsorka River, 
near Kisohtim, Urals, which he named KiscJuim-parisitt because it contained carbon 
dioxide in place of water given in W. Hisinger's analysis. G. Nordenskjdld showed that 
the loss on ignition assumed by W. Hisinger to be water was really carbon dioxide, and hence, 
in ignorance of J. J. N. Huot ts term, he proposed to call the mineral hamartiie — apdprm, I 
deceive myself. O. D. Allen and W. J. Comstock found a sample— which they called tysoniie, 
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alter the discoverer 8. T. Tyson — at Pike s Peak, Colorado. This mineral was afterwards 
identified with bastnaaite by W. F. Hillebrand, and F. W. Clarke. G. Nordenskjdld’s 
analysis of a sample from BastnAs is : 

C«|0| (La, Dl),0, CO, P 

29*94 45-77 19-50 7-42 


This agrees with the formula RFCO,. Analyses made by T. Karawajeff, W. Hiainger, 
F. Radominsky, B. Szilard, W. E. Hidden, W F. Hillebrand, and O. D. Allen and W. J. Com- 
stock are in general agreement ; though the ceria earths range from 64 0 to 93-5 per cent., 
and thoria from 0 to 10 per cent. According to A. des Cloizeaux, the prismatic crystals 
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Fig. 1. — Absorption Spectrum of Monazitc. 


are hexagonal. The sp. gr. ranges from 4-784 for the sample from Kischtim ; to 4-93 for 
the sample from Bastnas ; to 5*20 for the sample from Colorado. The hardness is 4 to 5. 
The double refraction is strongly positive. W. C. Brdgger found on Oevre Ar6 of Lange- 
sund Fiord, Norway, a very small specimen of a mineral which ho named WSlbyltS — 
after P. C. Weibye. The imperfect analysis shows it to be a fluocarl>onttte of the rare earth 
metals with calcium, and strontium. It contains 6696 per cent, of ceria earths. The 
mineral is allied to parisite and bastmisite, and the pyramidal c rystals belong to the rhombic 
system with axial ratios a : 6 : c-~ 0-9999 : 1 : 0 64. 

Prior to the invention of the rare earth gas-mantle in 1885, there was practically 
no demand for monazite ; the small quantity required was obtained at a high price 
from the deposits of Scandinavia, and the Urals. With the advent of 0. A. von 
Welsbach’s gas-mantle, there was a great demand for ceria and thoria earths, and 
a systematic search was made for sources of the rare earths, and it was found that 
these earths are not at all so rare as the name implies. From the commercial point 
of view, the most important source of the rare earths is monazite— /xovd£a>, to bo 
solitary — so named because, when first discovered, it was considered to be of 
extremely rare occurrence. Although monazite is essentially an orthophosphate 
of the ceria earths, RP0<, yet its commercial value depends upon the percentage of 
thoria present. The amount of thoria ranges up to about 20 per cent. There is 
some confusion in the early history of monazite because a number of minerals 
which were given different names were not recognized as belonging to the same 
mineral species. 

The spelling inonacite is but u corruption of the original. A. L5vy ** first described a 
specimen from E. Turner’s collection and it was laln-llod os a variety of sphene from 
Dauphin6; A. L5vy named it turnerite . J. I). Dana noted the resemblances between 
tumcrite and the mineral afterwards named monazite, and said that “ they may be the same 
species.” This hypothesis was established by F. Piaani in 1877. Meanwhile, in 1826, 
A. Breithaupt apuhed the term monazite to a mineral accompanying the zircon in a granite 
of Miask, Urals. ^The same mineral was described as mengite by H. J. Brooke in 1831. 
In 1837, C. U. Shepard described a basic sesquiphosphate of the protoxide of cerium from 
South Carolina, and gave it the name edwardeiie, and another variety from Connecticut he 
called eremite — tpy/da, solitude — in allusion to the isolated occurrence of the crystals. He 
found the specimens were accompanied by zirconia, alumina, and silica as impurities. 
G. Rose, in 1840, showed that the American minerals were the same as monazite. In 
1846, F. Wdhler found acicular crystals and grains of a wine-yellow mineral in the apatite 
of Arendal, Norway, from which it could be separated by dissolvingthe latter in dil. nitric 
acid. Hie mineral was called cryptolite — tcpvwrh, concealed. E. Mallard found the 
physical properties of cryptolite and monazite to be identical. A variety from Kftra rivet, 
Sweden, was called kararfvetite. R. Hermann, 1847, called t he brown mineral he obtained 
from the Ilem Mountains, monazitoid ; H. Watte, 1849, called the greyish-yellow crystalline 
powder which he found in the cobalt ore of Tunaberg, phoephocerUe ; and D. Forbes and 
T. Dahll, 1855, called the crystalline mineral which they obtained near Ndterfi, Norway, 
urdite. 

J. Schilling said that monazite is one of the most widely disseminated minerals 
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in the earth’s crust. Comparatively large crystals of monazite are found embodd 
in the felspar of the veins of pegmatite in the Ilmen Mountains, Urals ; and in sever 1 
places in South Scandinavia ; in the gneiss of Carolina and Georgia ; etc. 
crystals occur in the crevices of some rocks. It occurs massive and granular in veins 
in granite associated with wolframite, cassiter ite, and molybdenite on the Walsh 
and Tinaroo mineral fields of Queensland. Massive and granular monazite were found 
hy F. Freise in the pegmatite veins of the granite of the Aymore Mountains, Espirito 
Santo, Brazil. More usually, monazite occurs in small proportions as an accessory 
constituent of the older crystalline rocks — granites, diorites, gneisses, etc. — belonging 
to the Archaean or pre-Cambrian Age, and in no rocks younger than the Mesozoic 
Age. The monazite may occur in the veins of crystalline matter in these rocks , 
or it may occur in small crystals disseminated through the whole mass of rocks. 
Monazite is found among the debris formed by the disintegration of the monazite- 
bearing rocks owing to the action of weathering and eroding agents. The 
unweathered fragments may have been washed away by the rivers and streams,* 
or by the waters of the ocean. The water-borne fragments have been re-deposited 
so that the heavier particles with a high sp. gr. have been separated from the lighter 
particles of less sp. gr. The monazite grains of high sp. gr. have thus been con- 
centrated by nature in deposits from which the water may have since receded. 
The grains of monazite are thus collected by nature along with the heavier con- 
stituents of the parent rock to form monazite sands which are found in the alluvial 
deposits of rivers, and on the sea-shore exactly like the concentration of platinum 
and gold in alluvial sands, or of precious stone in 
the so-called gem-gravels. The monazite in these 
sands may be in angular fragments, but it is more 
usually present in rounded grains- -Fig. 2— showing 
that the grains have previously been rolled to and 
fro in streams of water. Monazite sands therefore 
represent nature’s attempt to concentrate the heavier 
accessory constituents of the parent rock. Hence, 
monazite sands contain grains of zircon, rutile, 
ilmenite, sphene, and apatite. There are also present 
grains of garnet, epidotc, sillimanite, tourmaline ; 
and a number of rare earth minerals— xenotime, 
fergusomte, samarskitc, gadolinite, and allanite. 
There are also present grains of ferric oxide; tin 
oxide ; and much quartz. Often, too, the parent 
rocks are auriferous, and the particles of gold then accumulate with the heavier 
minerals. Monazite is thus almost universally present in the auriferous and gem- 
bearing sands and gravels. 

Monazite sands occur near Arendal, Moss, Lonneby, Dillingsd, Hvald, etc., in 
Norway ; Hoima, Kiirarfvet, etc., in Sweden ; Imilaks in Finland ; Miask and 
Batoum in the Urals ; Pisel in Bohemia ; Travancorc in India ; in the gem-gravels 
of Bentota, and Kudremalai in Ceylon ; Mindarivo and Antyiabe in Madagascar ; 
in tho beach sands, Queensland ; Emmaville and Vegetable Creek in New South 
Wales ; Victoria ; in the beach sands, the diamond-bearing sands, and the auriferous 
sands of Minas Geraes, Bahia, and Espirito Santo in Brazil ; in the sands derived 
from the gneiss rocks of Carolina, and Georgia ; in the auriferous sands of Idaho, 
Oregon, Portland in Connecticut, Amelia Co. in Virginia, and in many of the Pacific 
States ; in the stanniferous sands of Embabaan, Swaziland ; in the alluvial tinstone 
of Pahang, Puchong Babi, Kulim Kedah, and Kelantan, Federated Malay States ; 
the river sands near Chiromo, Nyasaland ; the river sands of Ekole, Kadera, 
Naraguta, Iboboto River, and Ebara River, Nigeria ; Ottawa, Canada ; Transvaal 
in South Africa ; etc. The deposits of monazite sand on the coast of Brazil, North 
and South Carolina, and Travancore have been worked. So also have other deposits. 
According to E. H. Pascoe, the total production of monazite commenced in Ceylon 
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m 1918 to 1922, when the works closed down, was 235 tons. The exports from 
Brazil in 1920 was 1153 metric tons ; the United States production was very small 
[34*7 metric tons in 1917); Travancore commenced producing in 1911, when it 
furnished 819 metric tons, and in 1921 , 1280 tons. A great many factors determine 
whether a deposit can be worked profitably — transport, cost of labour, selling price 
[>f finished product, the manipulation of prices by competing syndicates, eto. 

The monazite in the sands is not sufficiently concentrated for them to be used 
iirectly as a source of thoria. The sands are therefore subjected to a further washing, 
and magnetic or electrostatic concentration processes are applied before the chemical 
treatment. In some of the best of these processes, the concentrate contains 97-99 
per cent, monazite. This subject has been discussed by J. H. Pratt and 
I).* B. Sterrett. In the magnetic concentration, the sand traverses, say, four magnetic 
fields of increasing intensity— the first removes the magnetite, larger fragments 
of ilmenite and garnet ; the second removes the remaining ilmcnite and garnet ; the 
-third removes the coarser : and the fourth, the finer monazite ; while the tailings, 
containing zircon, rutile, and quartz, pass on. The tailings from the Travancore 
sands are used in the preparation of zirconia. Efforts have been made to supersede 
nature’s preliminary concentration of monazite, by crushing the gneiss rocks of 
Carolina ; but even with the richest rock— containing 0‘2 per cent, of monazite — 
the working costs are too high to compete with processes based on the concentration 
of the monazite sands. 

Analyses of monazite liavo been made by C. Korston, K. Hermann, A. Damour, C. F. Rarn- 
melsborg.C. VV. Blomstrand, F. Radominsky, W. Ramsay and A. Zilliacus, K, Prois, A. Lacroix, 
L. A. Aars, I*. Wenger and P. Christin, L. Schmelck, W. Prinz, R. J. Strutt, W. R. Duns tan, 
B. Szilard, F. Kutzer, W. Lindgren, L. Duparc, li. Sabot and M. Wunder, E. Hussak and 
J. Reitinger, H. Goreeix, S. L. Penfield, F. I*. Diumington, A. Thorpe, F. A. Genth, 
(}. P. Tschermk, A. Liversidge, J. C. H. Mingayo, C 1 . Anderson, S. J. Johnstone, J. Bjelussoff 
and S. Kusnezoff, H. B. C. Nitze, G. Glaser, A. H. Church, E. S. Sj)crry, G. C. Hoffmann, 
G. P, Drossbaeh, R. J. Gray, (). Boudouard, 0. Kress and -J. F. Metzger, etc. The maximum 
and minimum valuoa are calcium oxide, 010-1*58 per cent. ; magnesium oxide, 0-0*40; 
manganese oxide, 0 4*89 ; lead oxide, 0 0*34 ; ferrous oxide, 0 1*10 ; ferric oxide, 0 5*58 ; 
alumina, 0 311; yttria earths, 0 7*09 ; lanthana earths, 0*50-40 79; ceria earths, 
10*30 45 40; siliea, 0*32 0*08 ; stannic oxide, 0-9*03; zirconia, 0 15*44 ; thoria, 0*40 
28*20; uranium oxide, 0 1*0; phosphoric oxide, 18*89 29*92 ; tantalic and columhio 
oxides, 0 0*39; fluorine, 0 4*35; loss on ignition. 0*09 2*70 per cent. A selection of 
particular samples is given in Tablo V. 


Tablk V.- Analyses op Monazitk. 


Source. 

* 

% 

H 

•BUVTB3 

3 . 

if 

if 


Alumina. 

Calcium 

oxide. 

SUica. 

Phosphoric 

oxide. 

Loss on 
ignitiocu 

Travancore, India 

9 43 

31*90 

28*00 

0*40 

1*29 

0*14 

0*10 

1*00 

20*82 

0*40 

Niriellagango, Ceylon . 

10*75 

20*71 

3000 

1*40 

1*09 

0*70 

0-85 

2*47 

24*01 

0*93 

Pahang, Malay . 

8*38 

25*40 

32-72 

2*80 

0*84 

2*78 

0-01 

0*92 

23*92 

1*28 

Ekole, Nigeria . 

5*00 

30*72 

3002 

2*74 

3*00 

0*35 

015 

1*20 

20*29 

0*25 

Kadera, Nigeria 

3*20 

30*53 

3000 

0*39 

1 20 

0*10 

0*21 

0*03 

28*29 

0*20 

Villeneuve, Canada 

12*00 

24*80 

20-41 

4*70 

1*07 

— 

1*54 

0*91 

20*80 

0*78 

Ldnneby, Norway 

9*34 

28*00 

29-00 

1*82 

0*00 

0*10 

0*53 

1*05 

28*27 

0 21 

Carolina . 

1*01 

30*17 

21-29 

7*02 

— 

1*84 

0*30 

1*02 

29*39 

0*20 

Espirito Santo, Brazil 

0*06 

02 

*12 

0*80 

0-97 

0*10 

0*21 

0*75 

28*50 

0*38 

Bahia, Brazil 

6*50 

01 

•40 

0*70 

1*50 

0*08 

0*30 

0*04 

28*40 

0*04 

Richmond River,N.8. W. 

0*40 

22*42 

22-95 

0*10 

2*08 

0*14 

1*32 

0*08 

18*89 

0*10 

Amelia Co., Virginia . 

18*00 

10*30 

34*70 

1*10 

0*90 

0*04 

2*70 

2*70 

24*04 

— 

Antyiabe, Madagascar 

11*23 

20*95 

32*00 

0*30 

0*00 

0*15 

— 

2*87 

25*90 

0*50 

Transvaal, Africa 

3*51 

34*58 

27*25 

2*14 

0*44 

0*86 

0*31 

1*52 

27*38 

2*21 

Pisek, Bohemia . 

5*85 

31*05 

1 20*04 

4*02 

1*32 

— 

0*41 

1*40 

27*67 

0*42 

Miaak, Urals 

5*56 

31*31 

l 31*80 

0*52 

0*20 

0*13 

0*55 

1*37 

27*32 

041 
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The analyses can be regarded as representing only monazite plus more or less 
foreign inclusions. The ratio of the isomorphous ceria and lanthana earths is not 
constant. The idealized mineral, as first suggested by C. U. Shepard, is considered 
to be an orthophosphate of ceria earths, RP0 4 . 0. Mann represents the formula 
by mTh 3 (P0 4 ) 4 .n(Ce, La, Pr, Nd) 4 (P0 4 ) 4 , where the first component is regarded 
as the primary constituent from which thorite is formed by weathering. 
F. Radominsky synthesized cerium orthophosphate, and obtained large yellow prisms ; 
the analysis corresponded with RP0 4 ; if yttria and didymia be absent, the 
crystals are colourless. C. J ames has applied the bromate method to the fractionation 
of the rare earths derived from the monazite sands of Carolina, and found that in 
addition to lanthanum, cerium, praseodymium, and neodymium, these sands 
oontain considerable quantities of samarium, gadolinium, and yttrium ; small 
amounts of dysprosium, holmium, and erbium ; and minute amounts of europium, 
terbium, thulium, and ytterbium. Erbium occurs in much smaller quantities than 
holmium and dysprosium, and this fact probably accounts for the anomalous 
behaviour of certain fractions which has been observed by some workers. 

There has been some discussion as to the relation of thoria to monazite. 
F. P. Dunningfcon suggested that orangite, ThSi0 4 , was mechanically mixed with the 
monazite, and that thoria is not an essential constituent. S. L. Penfield supported 
this conclusion, and claimed (i) to have detected particles of thorite or orangite 
microscopically, and (ii) found that the ratio R 2 0 3 : P 2 0 5 is unity — R denoted the 
rare earth metals— and also (iii) that the ratio of Th0 2 : Si0 2 is also unity. K. Preis 
supported S. L. Penfield’s hypothesis ; but C. W. Blomstrand objected. He found 
that silica is never absent, but its amount does not depend on the amount of thoria 
which is present, but rather on the amount of phosphorus pentoxide ; the thoria 
present is combined partly with the silica and partly with the phosphorus pentoxide ; 
and finally, the rare earths alone are not sufficient to satisfy the ratio R 2 0 3 : P 2 0 6 =1. 
The thoria is therefore regarded as a primary constituent of monazite occurring as 
phosphate in isomorphous admixture with the cerium phosphate ; the presence 
of silica is attributed to alteration by siliceous waters. 0. Kress and F. J. Metzger 
also found that silica is always present, and although it usually increases with the 
amount of thoria, the increaso is not regular ; in the majority of cases, the amount 
of silica is quite insufficient to combine with the thoria present. They concluded 
that the silica which is present belongs to some unidentified silicate other than 
normal thorium silicate and possibly felspar. No biaxial thorite could be observed 
microscopically in the monazite, nor was there any evidence of a dark resinous 
constituent mentioned by S. L. Penfield. S. J. Johnstone showed that analyses 
of monazite from monazite sands are not valid in the argument owing to the risk of 
inclusions, and only analyses on massive monazites such as those from Ceylon can 
be considered ; and these analyses do not support S. L. Penfield’s hypothesis. 
There is not always sufficient phosphoric oxide to combine with the thoria and rare 
earths, and this does not favour 0. Kress and F. J. Metzger’s hypothesis. 

C. F. Rammelsberg, and S. J. Johnstone concluded that there is in monazite a 
thorium constituent which is more rapidly dissolved by nitric or hydrochloric acid 
than is the cerium earth constituent. For example : 

* Ratio ThOg : R,Oj Ratio ThO. : R,0, 

In mineral. extracted by add. 

Nitrio acid .... 14 03 19*7 per oent. 

Hydrochloric acid , . 14*03 17*7 „ 

B. B, Boltwood found uranium is contained in monazite, and regarded it as an 
essential constituent, while F. Zerban considered it to be an impurity. R. J. Strutt 
also found uranium in what was regarded as pure monazite, and he represented his 
observations by Table VI. L. Haitinger and K. Peters, J. Schetelig, B. B. Boltwood, 

D. 0, Wood, and C. Doelter and H. Sirk also investigated the radioactivity of 
monazite. W. A. Tilden, and W. Ramsay, J. N. Collie and M. W. Travers observed 
the presence of ocoluded helium in monazite. 



THE RARE EARTHS 


637 


Tab lx VL — Thx Radium* Uranium, and Helium Contents or Monazite. 


Norway . 
Norway . 
Fahlun 
Johannesburg 
North Carolina 
Amelia Co. 
Brazil 
Nigeria 


Malay States 


EAdiom 10'* 
per cent. 

” ri 

2- 35 
0-275 
0*323 
1 06 
0-53 
0806 
0-288 

3- 78 
402 


IT,0, por cent. 


10 


01 


ThOj per cent. 


0- 65 
1*21 
0-80 
5-94 
3-79 
2-43 
1 54 
2-98 

1- 53 


Helium 
c.r. per gram 


1*54 

2*41 

1-40 


1-57 

0-81 


The crystals of monazite are coloured dark brown, red, yellow, or greenish- 
brown. Some samples, assumed pure, are transparent, other samples are translucent 
to opaque. The crystals belong to the monoclinic system, and have the axial 
ratios a : b : c~ 0 96933 : 1 : 0*92558, and 76° 20' ; these values vary a little 
with variations in the composition of the specimens. The crystal habit is 
tabular, prismatic, or acicular. A. Hadding studied the X-radiogram of monazite. 
R. Scharizer has collected a bibliography of the crystallographical, optical, and 
chemical data. The fracture of monazite is conchoidal. The sp. gr. ranges from 
C. W. Blomstrand’s 4 64 for a sample from Moss, Norway, to L. Duparc and co- 
workers’ 2 2735 for a sample from Madagascar. The values for Rome samples from 
Ceylon approach 5 5 ; thus, 8. J. Johnstone gave, 5*47 for the sp. gr. of a sample 
from Ratnapura, Ceylon. The hardness is 5 0 to 5 5. A. L. Fletcher gave 1140° 
for the m.p. of monazite. H. Rosenbusch and A. K. Wiilfing give for the indices of 
refraction of a sample from Arendal, a-- 1*7957 ; j3 17965 ; y~ 1*8411, and for 
the strong positive double refraction y -a — 0 0454 to 0 0510. J. Schetelig gave : 

Ll-ray Na-ray TI-ray Sr-ray 

a . 1-7822 1-7938 1*7997 1-8144 

fi . . . 1-8388 1-8452 1-8522 1-8658 

W. W. Coblcntz found the ultra-red transmission spectrum of monazite shows a 
large band extending from 34/4 to 5*5 fi, and the mineral was opaque beyond 6 5/4. 
Monazite dissolves very slowly in acids. According to K. Haushofer, and H. Behrens, 
if a crystal be warmed with cone, sulphuric acid ; the soln. evaporated to a small 
bulk ; and a drop be mixed with a drop of a cone. soln. of sodium acetate ; under 
the microscope, minute pointed oval crystals of sodium cerium sulphate will be 
observed. With the spectro-microscope, crystals of monazite give the characteristic 
absorption bands of didymium — vide infra- illustrated by Fig. 2. J. Schilling, 
R. Scharizer, and H. L. Bowmann have compiled bibliographies of monazite*,. 

J. J. Berzelius 23 obtained a mineral from Hittero and Ytterby which he regarded 
as yttrium phosphate— phosphorsyrad ytterjord—E. F. Glocker called it yttria spar ; 
A. Damour, castelnaudite ; G. S. Kenngott, anserine. The present term xenotime 
appears to be the result of a misprint. F. S. Beudant apparently intended to 
call it kenotime since he gives the derivation : “ Kcm, vain, et rip rj, honneur.” 
The irony is, that F. S. Beudant stated the name was intended to recall the 
fact that in 1815 J. J. Berzelius made a mistake in supposing the mineral to 
contain a new metal thorine — afterwards found to be a yttrium phosphate. The 
term xenotime may be derived from £<Vo$, stranger to ; ti/atJ, honour, in allusion 
to the fact that the small crystals were for a long time unnoticed. In addition to 
its occurrence in Scandinavia, xenotime has been observed in Switzerland, Bohemia* 
Germany, Austria, Italy, France, Brazil, Canada, etc. It is also found in variouf 
monazite sands — e.g. those of Caroline, Georgia, etc. Xenotime is not so widely 
distributed as monazite, but it is not uncommon ; it often occurs associated with 
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zircon in granite rocks, Zircon is closely allied to xenotime in crystalline form, and, 
according to E. Hussak, in many reports of xenotime in rocks that mineral has been 
confused with zircon. Analyses have been reported by J. J. Berzelius, E. Zschau, 
W. Wartha, A. Damour, 0. E. Schlotz, B. Szilard, J. L. Smith, H. Gorceix, 
C. W. Blomstrand, W. 0. Brogger, S. L. Penfield, C. F. Rammelsberg, etc. For a 
sample from Naresto, Arendal, C. W. Blomstrand gave : 

ThOj U0 3 €e a O, Y t 0 8 Fe,0 3 AI a 0 8 CaO SIO a P a 0 6 H a O 

2*43 3-48 0-96 54*57 2*01 0*28 1*09 2*30 29*23 1*77 

together with MgO, 0*26; PbO, 0 68; Zr0 2 , I'll; Sn0 2 , 0*08 per cent. The 
terms yttria and ceria here refer to the corresponding groups of rare earths. The 
composition of xenotime closely resembles that of monazite, and it can be regarded 
as an orthophosphate of the yttria and erbia earths, YP0 4 , just as monazite 
is regarded as the corresponding salt of the ceria earths, CeP0 4 . The formula has 
been discussed by C. F. Rammelsberg, E. H. Kraus and J. Reitinger, and 
W. 0. Brogger. In xenotime, the ceria earths range from 0*32 to 11*03 per cent. ; 
in monazite, 16*30 to 45*40 percent. In xenotime, the yttria earths range from 
54*13 to 59*70 per cent. ; and in monazite from 0 to 7*69 per cent. W. Ramsay, 
J. N. Collie, and M. W. Travers found helium occluded in xenotime. B. B. Boltwood, 
and R. J. Strutt discussed the uranium and radium content of the mineral. Samples 
of xenotime with 0*75 to 2*74 per cent, of sulphur trioxide have been reported — 
sulphato-xcnotimes. For instance, the xenotime from Bandeira dc Mello, Brazil, 
analyzed by E. H. Kraus and J. Reitinger; from Brindletown, Burke Co., by 
W. E. Hidden ; and from Idaho, by G. Tschermak. 

In 1901, E. H. KrauB and J. Reitinger announced the discovery of a new mineral, a 
kind of Bulphato-xenotime which they named hunsakite . A sample from Sao Paulo, Brazil, 
contained 0*3 per cent, of sulphur, and they assigned to it the formula 3R a 0 3 .3P 2 0 6 .S0 3 , 
or 6 RPO 4 .SO 3 . They found that the sulphur trioxide could be easily removed by the action 
of dil. alkalies, and inferred that xenotime is really a pseudomorph after hussakite. The 
aulphur trioxide was assumed to have boon removed from hussakite by the alkaline water 
of the earth’s crust. W. G. Brbgger found fresh xenotime from Ar 6 , Norway, to bo quite 
free from sulphur trioxide, and suggested that hussakite is an independent species with the 
formula BYP0 4 (Y80 4 )P0 8 . H. Rosslor said that hussakite is common in igneous rocks and 
resembles zircon in appearance and properties. E. Hussak, however, showed that hussakite 
is not a distinct mineral species, but that it is a xenotime of prismatic habit. The report 
of E. H. Kraus and J, Reitinger is based on faulty analyses. Tho precipitate obtained 
by tho addition of barium chloride to the acid soln. of the mineral after fusion with alkali 
carbonate, was assumed to be barium sulphate, whereas barium phosphate is precipitated 
as well. He added that the name hussakito is unnecessary and undesirable. 

F. Radominsky obtained needle-like prisms of artificial xenotime by fusing 
yttrium phosphate and chloride. The colour of xenotime is yellow or brown. 
Xenotime and hussakite crystallize in the tetragonal system, and the former has the 
axial ratio a : c :=1 : 0*61867, and the latter 1 : 6208. The crystals have been 
studied by A. des Cloizeaux, J. D. Dana, E. Hussak, H. Rossler, and E. H. Kraus 
and J. Reitinger. Since tetragonal xenotime is largely yttrium phosphate, and 
monoolinic monazite largely cerium phosphate, and since monazite contains yttrium 
phosphates and xenotime cerium phosphates, it is assumed that the minerals 
represent the end-terms of an isodimorphous series of mixed crystals. W. C. Brdgger 
considers that the following minerals furnish a series of the general formula (RO)RO s : 
mossite, Fe(Cb0 3 ) 2 ; tapiolite, Fe(Ta0 3 ) 2 ; rutile, TiO(Ti0 3 ), or Ti(Ti0 3 ) 2 ; xenotime, 
(Y0)P0 3 ; and monazite, (Ce0)P0 3 , where the last three minerals are homomorphous. 
L. Vegard obtained X-radiograms of xenotime, and the structure appears to resemble 
that of rutile and other tetragonal minerals. M. L. Huggins also found the structure 
to resemble that of rutile (j.v.). The sp. gr. of the samples of xenotime which have 
been analyzed range from 4*40 to 5*106— the average is about 4*5 ; and of hussakite, 
4*45 to 4*59. The hardness of xenotime is 4 to 5, and of hussakite, 5. According to 
H. Rosenbusch and A. E. Wtilfing, the indices of refraction and the double refraction 
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of husaakite or xenotiine are poaitave and like that of zircon. B. H. Kraus and 
J. Beitinger found the following indices of refraction for hussakite : 

Na-ray Tl*ray 

1*7207 1*7244 

1*8155 1*8196 

0 0948 0*0952 

H. Roesler noted the feeble pleochroism of the crystals ; J. Becquerel, W.. Prinz, 
W. Voigt, and W. M. Page examined the magnetic rotation of the ray of polarized 
light, and the effect of the magnetic field on the absorption spectrum. 

W. G. Lettsom * 4 found some samples labelled Cornish blende and described by A. L6vy 
as 2in<5 rulfurt, matnelotU de ComouailU * showed the absorption spectrum of didymium, 
Fig. 1 ; and, on analysis, gave 

Fe,0, Y,0, (Ce, La, D1),0, P 4 <) ft H,0 

0*25 9*93 52*82 29*10 0*80 

He named the mineral rhabdophane. Samples from Scoville, Connecticut, named acoviilUe, 
were found to have a similar composition by G. J. Brush and S. L. Penfield, and 
W. N. Hartley ; and G. J. Brush and S. L. Penfield later established the identity of the two 
minerals. L. de Boisbaudran found the absorption spectrum gave didymium and erbium 
bands. Rhabdophane is regarded as a hydrated phosphate of the rare earths, iron, 
aluminium, etc., with 53*8 to 57 0 per cent, of ceria earths and 2*1 to 10 per cent, of yttria 
earths. The idealized formula is RjOj.PjOj^HjO, or RPO..H,0. It occurs massive, 
yellow or brown in colour; the sp. gr. is 3*94-4*01, and the hardness 3*5. E. Bertrand 
found rhabdophane is optically uniaxial. F. Henrich and G. Hiller reported a hydrated 
phosphate of yttrium, erbium, etc. (Er, Y, etc.)P0 4 .2H,0, which they termed welnMhtnklte, 
in the Bavarian Oberpfalz. It occurs as a white, matted, globular inass of radiating needles 
on brown haematite. Sufficient has not yet been obtained for an accurate analysis. The 
Bo-callod pgetido-ioavellite of F. Henrich is a wavellito containing 13 per cent. CaO, about 
1 per cent. BaO and SrO, and 2-3 per cent, of rare earths. A. H. Church reported a hydrated 
calcium cerium phosphate from Cornwall which he called churchlte. The composition 
approximates CaO : Ce,0 3 : P,O s ; H,0 = 1 : 1*65 : 2 : 8*5 ; and C. F. Ramraelsberg 
represents it by 3Ca,(P0 4 )-.10CeP0 4 .48H,0. The colour is smoky-grey, or flesh-red. 
The doubly refracting crystals are monoclinic prisma ; the sp. gr. 3*14 ; and the hardness 
3*0-3*5. A brown, opaque, basic phosphosilicate of cerium, calcium, magnesium, etc., 
occurring in the pegmatite at Naujakasik, Greenland, was named brltholite — from JipiOos, 
heavy. C. Winther gives the analysis : 

Na,0 MgO CaO Fe,0, (La, Dl, Ce),0 3 8IO, P,0, F H,0 

1*85 0*13 11*28 0*43 60*54 16*77 6*48 1*33 1*27 

According to O. B. Boggild, the crystals are hexagonal ; C. Winther said rhombic with axial 
ratios o : 6 ; c =0*620 : 1 : 0*423. The sp. gr. is 4*446 ; the hardness, 5*5 ; and the negative 
double refraction weak, 0*004. O. B. B6ggild obtained brown crystals of a mineral from 
Julianehaab, Greenland, which was named crikile — after Eric the Red, after whom the 
adjoining fiord was formerly named — with the composition : 

Na,0 CaO A1,0, (Ce, La, Di),0, 810, ThO, P,0, H,0 

5*63 1*81 9*28 40*51 15*12 3*26 17*78 6*28 

The rhombio crystals have the axial ratios o : b : c =0*5755 : 1 : 1*5780 ; the sp. gr. is 3*493, 
and the hardness 5*5 to 5*0. The mineral dissolves in acids without gelatinization of the 
silica. W. 0. Brogger described the fluosilicate meUnocerite, obtained from the islands of 
Langes und Fiord, Norway. It oontains 45 05 per cent, of oeria earths ; 9* 1 7 of yttria earths ; 
1*66 of thoria ; and 0*46 of zirconia. The tabular crystals belong to the rhombohedral 
system ; the sp. gr. is 4* 13, and hardness 5 to 6. 

The mineral flttorsMite is a cerium aluminophosphate occurring in the diamond mines 
at Mina Gera€s, Brazil. G. T. Prior's analysis is : 

CaO A1,0, Fe,0, Ce,0, 810, P,0, H,0 

1*31 32*38 0*76 28*00 0*48 25*56 10*87 

The presence of fluorine is doubtful. The composition approximates AlP0 4 .CeP0 4 . 2Ai(OH) v 
or 3Al t 0 r Ce,Q r 2P,0 4 .6H,0. The spectroscope shows only a trace of didymium* 
E. Huasak found that the trigonal crystals have the axial ratio o ; c=l : 1*1901 ; the 
sp. gr. is 3*586, and the hardness about 3. The mineral resembles ham! ini te, The iso* 
morphism of cerium, calcium, and strontium salts has been discussed by A. Costa, and 
G. Wyrouboff. The mierooryitalline gonetxtts is a barium aluminophosphate ooourring 
in the diamond sands of Brasil According to the analyses of E. Hussak, B. Jezek, 
VOL. V. 2 M 


Li-ray 

1*7166 

1*8113 

0*0947 
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H. Gorceix, and A. Daraour, it contains 1 ’55-2*57 per cent, of cerous oxide. Its composition 
approximates (Ba, Ca, 8r, Ce)O.2Al g 0 3 .P 2 0 y 5H 2 0. The sp. gr. is 3‘036-3'123, and the 
hardness 6. It has also been discussed by E. Boutan. 

H. Sjdgren reported a rare earth arsenate from Moss, Norway, of the composition : 

MgO CaO MnO FeO PbO E,0 3 As i O s SiO a H t O Qangue 
2*7 10*2 30 2 1*7 0*2 10 3 24*4 0*5 8*4 4*3 

which he oa lied retzlan. The brownish-red to wine-red mineral is pleoohroic. The prismatic 
crystals belong to the rhombio system ; the sp. gr. is 4' 15; and the hardness about 4. 
They are readily dissolved by hydrochloric acid. 

The inseparable companionship of elements of like affinities such as nickel and 
cobalt, and the platinum metals, is very marked with the rare earths. This does not 
refer to such associations as calcium sulphate or carbonate, and sodium as chloride, 
but rather to co-mixtures of elements with little affinity for one another. No well- 
defined regularities have been observed in the nature and quantities of the members 
of the rare groups present in minerals, although it has been noticed that they are 
virtually absent from minerals whicli contain other elements. 0. Hauser and 
F. Wirth 26 made some observations of the effects of titanic and tantalic acids on the 
occurrence of the rare earths in euxenite, samarskite, and polycrase. They found 
that in these minerals (i) one-third to three-sevenths of the rare earths are yttria 
earths containing erbia earths ; (ii) as the titanic acid increases, the proportion of 
holmium and dysprosium increases at the expense of the erbia earths, although these 
earths are generally present only in small proportions ; on the other hand, (iii) the 
proportions of scandia and yttria are relatively greater with increasing proportions 
of titanic acid. The relationships are more marked with the ceria earths, (iv) 
euxenite poor in tantalic acid, and rich in titanic acid, is free from samarium and 
praseodymium, but as the tantalic acid increases and titanic acid decreases, samaria 
makes its appearance— e.g. a euxenite from South Carolina, poor in titanic acid, 
but rich in tantalic acid, contained 2 per cent, of samaria, whilst the proportion of 
gadolinia was less than usual, (v) The presence of thoria in columbates also seems 
to depend on the presence of titanic acid, since if titanic acid is absent or present in 
small proportions, thoria is also absent. 

0. Eberhard reported that minute traces of scandia and the rare earths arc 
present in many of the commoner rocks and minerals. W. P. Hcadden found that 
up to 0*03 per cent, of rare earths were present in the yellow phosphorescent variety 
of calcite from Colorado ; and W. Crookes observed yttria in calcite. J. Humphreys 
found up to 0*5 per cent, in one or two phosphorescent varieties of fluorspar, and 
traces of yttria are usually contained in fluorspar. G. Eberhard observed quite 
appreciable quantities of rare earths in cassiterite, and in wolframite. Thus, a 
specimen of wolframite from the Erzgebirge contained over 0*4 per cent, of rare 
earths, ovor half of which was scandia. 

G. Woitschach reported traces of ceria and 3*47 per cent, of yttria earths in zircon 
from Schwalbenberg ; H. 8. Washington, 2*67 per cent, of ceria in aegirite from Rockall ; 

T, Scheerer, 0*34 per cent, of yttria in malacone from Hitterd ; and W. J. Knowlton, 

1 *40- 2*24 per oent. of rare earths in malacone from Rookport, Massachusetts. A. E. Norden- 
ekjdld found 1*39 percent, of rare earths in thorite from Arendal ; W. E. Hidden, and 
J. B. Mackintosh, 6*69 per cent, in thorite from Bluffton, Texas ; and W. E. Hidden, 1*0 
per cent, of yttria in thorite from Landbo, Norway. Up to 2*70 per cent, of ceria earths, 
and 10*22 per cent, of yttria earths were reported in uroninile and pitchblende by G. Lind- 
strdm, C. W. Blomstrand, W. E. Hidden, and W. F, Hillebrand ; 2*95 per cent, of ceria and 
10*34 per oent. of yttria earths in cleveite were reported by A. E. Nordenskjdld, up to 0*45 
per oent. of ceria, and 4*27 per oent. of yttria earths in brdggerite were reported by W. C. Blom- 
strand, W. F. Hillebrand, and K, A. Hofmann and W. Heidepriem ; and 11*22 per cent, of 
yttria earths in nivenite were reported by W. E. Hidden. Up to 0*48 per cent, of ceria, 
and 4*483 per oent. of yttria earths in columbite were reported by R. Hermann, T. Bromew 
and H. Rose, F. P. Dunnington, and F. A. Genth. 0*66 per cent, of ceria earths were found 
in wOhlorite by W. O. Brbgger. The xirkelite of Sao Paulo was found by G. T. Prior to 
have 2*52 per oent. of oeria, and 0*21 per cent, of yttria earths. T. Scheerer found 6*0 per 
oent. of oeria earths in apatite from Snarum, Norway, and R. Weber and G. Rose, 1*79 per 
oent. T. L. Phipson reported 0*10 per cent, of yttria in pyrolusite ; C. U. Shepard, 0*W 
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per cent, of yttria earths in danburiis from Danbury, Connecticut ; T. Thomson, 3*57 per 
oent. of ceria earths in deiceyhite or gymnite from Emmont ; W. F. Hille brand, 0 89 per oent. 
of ceria, and P52 per oent. of yttria earths in a manganese cpidote from South Mountain, 
Pennsylvania ; R.Hewnann, and C. Bergemann, 2-0-5*08 per cent, of ceria earths in felspar 
from Arendal ; O. Rebuffat, 3'45 per cent, ceria and 1*23 per oent. yttria earths in guarintt* from 
Vesuvius ; R. Hermann, 2*0 per cent, of ceria earth in hyposclerite (albite) from Arendal ; 
H. Trenkler, 0*03 per cent, of ceria earths in phono! ites, from Spitzberg, Bohemia; L. P. Lych- 
nell, 1-25-2-24 per cent, of ceria eartlis in serpentine from Norberg, Sweden ; J. R. Stroheckor, 
12*8 to 14*28 per cent, of ceria and 1*7 per cent, of yttria earths in clay from Hainatedt ; 
T. Thomson, 25 95 per cent, of ceria earths from Suland, Norway ; C. G. Mosander, 0*58 
per cent, of rare earths in tdanite from Egersund, and A. Cossa, 2-30 per cent, in titanito 
from Biellese ; J. Renwick, 1 2*32 per cent, of ceria earths in torrclitc (probably allanite) 
from Sussex Co., New Jersey ; G. Bodenbender, 0 54 per cent, ceria earths in the bismuth- 
spar from the Argentine; W. F. Hillebrand, 0*30 per cent, ceria in uyomingite , and 0* 1 1 
per cent, in tnadupite ; and F. A. Genth and S. L. Penfield, 2*48 per cent, of ceria and 47’58 
per cent, of yttria earths in a calcium fluoride from El Paso, Colorado. 

Many of Hie rare earths are present in the sun and stars ; thus, J. Lunt identified 
the spectral lines of europium in solar and stellar spectra ; and H. A. Howland 
mentioned the occurrence of the spectral lines of yttrium, lanthanum, neodymium 
(but not praseodymium), cerium, and erbium in the solar spectrum- vide the spectra 
of the individual earths. In view of the very wide distribution of the rare earths in 
the mineral kingdom, it would be natural to look for evidence of the occurrence of 
these elements in the vegetable and animal kingdoms. G. Tsclierniak found 10 
per cent, of rare earths in the ash of a coal from Kutais, Caucasus ; and smaller 
quantities, in the ashes of many plants. W. Crookes, and A. Cossa detected 
the rare earths in the ashes of rice, and tobacco. These earths also occur in the 
human body as shown by the fact that W. Crookes, and A. Cossa detected the rare 
earths in bones ; and, added W. Crookes, “ gorgonite of the species meliihcea 
and mussa sinuosa undoubtedly remove from sea water not merely lime, but also 
yttria ; and other recent corals, pocillopord damicorr m and a symphylUa close to 
the yttria-secreting inussa, separate samaria from sea-water.” 
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§ 4. Fractional Precipitation, and Fractional Crystallization 

When an acid is allowed to act upon a mixture of two bases, or a base upon a 
mixture of two acids, the ratio in which the acid divides itself between the two bases, 
or the base between two acids, depends not only upon the relative masses of the sub- 
stances taking part in the reaction, but also upon the specific affinities acting between 
the different substances. It is assumed that the amount of single base (or single 
acid) is not sufficient to precipitate the two acids (or two bases) present in the system. 
In the same way, when a substance is added to a mixture of two or more salts of 
different metals, the relative amounts of salts decomposed depends upon the relative 
masses and specific affinities acting between the components of the system. Let 
only sufficient C be added partially to precipitate A and B, and let the soln. originally 
contain a mols of A, and b of B ; let x and y denote the amounts of A and of B 
precipitated at the end of a certain time t, then, a—x of A, and b—y of B, will remain 
in soln. ; further, let z denote the amount of C required for the precipitation of x 
of A, and y of B, and let c denote the amount of C added to the soln. at first. The 
velocity of precipitation of A and B will be dxjdt^k^a—x)^— z ) ; and dy/dt 
*=k 2 {b— y)(c— z), respectively. By division, and integration in the usual way ; 

a-log ja-x) ( x\h / ,y\*i 

k % log b — log (6 — i/)' V a' \ b) 

which gives the relative amounts of precipitates formed in terms of their affinity 
coefficients. 

E. J . Mills 1 and co-workers have studied the fractional precipitation of a mixture 
of sulphates of different metals by means of sodium hydroxide and sodium carbonate. 
When sodium carbonate is added to a soln. containing mixtures of nickel and 
manganous sulphates, the value of k x jk 2 is 0*34, or 2*94Aq. This means that 
manganese sulphate “ resists the decomposing action of sodium carbonate with a 
force. 2*94 times greater than nickel sulphate, when both salts are simultaneously 
subjected to the action of the same agent.” If the original soln. contains 
MnS0 4 : NiS0 4 ~2*94 : 1 , and a very small fraction be precipitated, the precipitate will 
contain equal weights of the eq. of the two sulphates ; or, if the soln. contain equal 
weights of the two salts, the precipitate will contain the eq. of MnS0 4 : NiS0 4 — 1 : 2 * 94 . 
It is therefore concluded that the more k 2 exceeds Aq, the less will A tend to accumu- 
late m the precipitate ; and the more Aq exceeds A* 2 , the more will A tend to 
accumulate in the precipitate. In the fractional precipitation of salts, a process 
commonly employed in the separation of the rare earths, the mixed metallic salts 
may be precipitated as nitrates, oxalates, etc. The mixed precipitate is redissolved, 
ana again partially precipitated. By many repetitions of the process, it will be 
obvious that the element with the greater value of k will tend to accumulate in the 
precipitate, and the other element in the filtrate. In this way C. G. Mosander 2 
separated the sonstituents of the gadolinite earths ; 0. A. von Welsbach, praseo- 
dymium and neodymium from the cerite earths ; W. Crookes, the constituents of 
the yttria earths ; etc. 

When Aq is nearly equal to h, the ratio of the quantities of A and B 
in the precipitate will be nearly the same as in the soln., and the process of fractiona- 
tion will be a prolonged operation. This would be the case with the precipitation 
of a mixture of nickel and cobalt sulphates by means of sodium hydroxide, for 
E. J. Mills and J. J. Smith find that k^ : A 1 ==0’97 : 1 . Hence, the precipitate from 
a soln. containing equal weights would contain the eq. of C 0 SO 4 : NiS0 4 ~l : 0*97. 



THE RARE EARTHS 


m 


la the limiting case, when the ratio of A to B in the precipitate will be the 

same as in the soln., and the constituents of the solo, could no more be separated by 
fractional precipitation than two liquids boiling at the same temp, could be separated 
by fractional distillation. J. C. G. de Marignac tried to prove that some common 
substances were homogeneous compounds by showing that fractional precipitation 
gave no indication of heterogeneity ; but no separation would occur if the substance 
really did contain two components for which k x very nearly, 

A little work has been done upon the subject by H. Debus on the fractional precipitation 
of mixtures of barium and calcium hydroxide by a soluble carbonate ; by A. Chizynsky, 
upon the precipitation of mixtures of magnesium and calcium ohlorides by ammonium 
phosphate ; by K. von Chroustchoff, upon the composition of the precipitate from a mixture 
of strontium and barium chlorides after the addition of potassium sulphate, or mixtures 
of soluble sulphates and chromates, and soluble iodates and sulphate, by means of barium 
chloride ; and by F. W. Kiister and A. Thiel, of the precipitate from a mixture of potassium 
bromide and potassium thiooyanate by the addition of silver nitrate. A. Findlay studied 
the distribution of lead between sulphuric and hydriodic acids ; It. Salvador!, lead between 
sulphuric and carbonic acids. The experiments of T. Paul, F. W. Kiister and A. Thiel, 
and of A. Heintz furnish studies in the separation of the non-volatile organic acids. 

In the chemical fractionation of a mixture of earths, W. Crookes separated the 
different components, more or less incompletely, by performing a chemical operation 
in an incomplete manner so that only a certain fraction of the bases was separated. 
As a result, he obtained part of the material in the insoluble and the rest in the soluble 
state. Suppose that two earths are present differing almost imperceptibly in their 
basicity. 

Add to the very <lil. soln. dil. ammonia in such amount that it can precipitate only half 
the bases present. The dilution must be such that a considerable time elapses before the 
liquid begins to show turbidity, and several hours will have to elapse Iwforo the full offecfc 
of the ammonia is complete. On filtering we have the earths divided into two parts, and we 
can easily imagine that now there is a slight difference in the basic value of the two (>ortionq 
of the earth ; the portion in soln. being, by an almost imperceptible amount, more basic 
than that which the ammonia has precipitated. This minute difference is made to 
accumulate by a systematic process until it becomes perceptible by a chemical or physical 
test. 

Other means may be employed— e.g. fractional precipitation with oxalic acid, 
formic acid, nitric acid, etc. The operations are analogous to the separation of 
members of a homologous series of hydrocarbons by fractional distillation. When 
the earths appear in the same proportion in the soln. and in the precipitate thrown 
down by ammonia, the precipitated earths are worked up by some other process 
so as to alter the ratio between them, when the previous operation can be 
again employed. According to W. Crookes, there are three methods of operating. 

(i) In one process, one-third the eq. quantity of ammonia is added ; then, after 
the precipitate has quite settled, it is filtered, to the filtrate one-third more ammonia 
is added, and the precipitate is again filtered off. The remainder of the bases present 
are then fully precipitated. In this way the earths are divided into three parts, 
which may be designated —1,0, and +1. Each of these lots is then treated as just 
described, and the thirds are added to the vessel on each side. This plan is rapid 
in the actual separations, but probably more time is spent in the extra filterings 
and washings than is saved in the lessened number of operations. 

(ii) C. G. Stokes recommended the following process : “ Suppose the filtrate to 
travel to the right and the precipitate to the left. Taking the contents of any bottle, 
precipitate two-thirds of the whole, and advance the filtrate two places to the right 
and the precipitate one place to the left, and so on. Theoretically, this is the best 
way to operate, and I have carried on several long series with much success by its 
means. There is, however, a disadvantage, in that the precipitate is twice as much 
as the earth in soln. ; and the largest part of the operation is the feeding of the filters. 
The reason for the selection of the two-thirds proportion is as follows : 

4 * Suppose two earths, a mols. of A and 6 raols. of B, are in soln. The tendency fit any 
moment to precipitation under given conditions is such that the proportion of the number 
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of mols. of A to that of B, which goes down, is that of ak, : bk v where k* and k t are constants 
whose reciprocals may be considered as representing the specific affinities of the earths 
for the acid. Then if x and y are the numbers of the A and B mols. which have been pre* 
dpi ta ted at a given instant 


-dx —dy 



by integration. When the difference between the proportions of the two earths that are 
precipitated is a maximum, dx/a-dy/h or xja—ylb. The ratio of the number of mols. of 
Loth kinds left in the soln., a — x-\-b~ y, to the total number of mols., a+6, then reduces to 


, 1 __ 

ak i -\-bk i /k i 

°+& \ kf* ) 

When k l and Jfc a are nearly equal, the earths have nearly the same affinity for the acid, and 
the ratio becomes e -l ~2’718 . . . This means that nearly two-thirds of the whole would 
be precipitated.” 


(iii) W. Crookes modified C. G. Stokes’ plan in order to avoid as much as possible 
the extended manipulation by the sacrifice of a little speed : Add half the eq. amount 
of precipitant to the liquid, and after full settlement, filter. Starting with say 
1000 grms. in the zero bottle, transfer 500 to bottle —1 and 500 to bottle -J-l. Then 
add another 1000 grms. to the 0 bottle, and repeat the operations as in the following 
table : 


Numbers of the Bottles. 


-0 -f» 

-4 

-3 

_ 2 

-1 

0 

1 

2 

3 

4 






1000 









500 

1000 

600 







250 

500 

500 

500 

250 





125 

250 

375 

500 

375 

250 

125 



m 

125 

250 

375 

375 

375 

250 

125 

63 

31 

63 

150 

250 

312 

375 

312 

250 

156 

63 

1G 31 

04 

156 

234 

312 

312 

312 

234 

156 

94 


After the seventh fractionation the 2000 grms. of earth are spread out amongst 
13 bottles in the proportions represented in the bottom line. The separation of two 
earths by either of these plans is comparatively easy. The precipitation by ammonia 
depends not directly on the affinities of the earths for the acid, but rather on the 
excess of affinity of the precipitating ammonia. For if the affinities of the two 
earths are represented by 100 and 101, and that of ammonia by 150, the affinities 
on which the precipitation depends would be represented by 150—100=50, and 
150—101=49, the difference of which is 2 per cent, of the larger. 

If more than two earths are present, the above processes fail, in any reasonable 
time, to yield practically pure specimens of more than two out of a group of closely 
allied earths. Thus, if there are as many as three earths, say, A, B, and C, whoso 
positions in reference to the chemical process employed are in the order of sequence 
in which they are written, we may get a specimen of A as nearly as we please free 
from B and C, and a specimen of 0 as nearly as we please free from A and B, but we 
cannot get a specimen of B practically free from A and C. The law seems to be that 
to obtain practically pure specimens of three closely aUied earths , it is essential to have 
recourse to at least two different chemical processes . The mere continued repetition 
of the same process will not do, unless indeed the operations are repeated such a 
vast number of times as to make the approximate expressions no longer applicable, 
even though the substances are chemically very close. With a greater number of 
earths the same law holds good ; thus with n closely allied earths to be separated, 
we must have recourse to n— 1 different chemical processes. C. G. Stokes added that 
the number of chemical processes to be employed is not necessarily n— 1 when one 
process divides the n earths into groups, and another into sub-groups, for then the 
earths need not necessarily be separated one at a time. 

Fractional crystalliiation with a separating element— Fractional crystallisa- 
tion has been discussed in connection with the isolation of radium. An ingenious 
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modification was devised by G. Urbain and H. Lacombe * for separating two salts 
of the rare earths, A and C, by means of a foreign salt, B, which is isomorphous with 
A and C, under conditions where the binary mixture A and C separates only slowly, 
and where crystallization occurs with difficulty. For example, in the separation 
of the europium-samarium fraction, it is an advantage to introduce bismuth nitrate 
as the intermediary B. The solubility of the bismuth salt, B, is intermediate between 
the solubilities of europium and samarium nitrates, A and 0. Fractionation of the 
mixture gives virtually pure B in several consecutive intermediate fractions ; the least 
soluble fractions consist of AB, free from C, and the most soluble fractions consist 
of BC free from A. It is then possible to eliminate the bismuth by ordinary analytical 
processes. The separation of A from C has then been accomplished by the aid of 
B, so that G. Urbain and H. Lacombe called B, V fitment shparateur— the separating 
element. 

In the mixtures of the double magnesium nitrates of samarium and europium containing 
neodymium, praseodymium, oeriura, and lanthanum, the samarium and bismuth salts 
are to a large extent miscible in the solid state, whereas the neodymium salt is taken up but 
slightly by the bismuth salt, and the praseodymium, lanthanum, and cerium salts not at 
all. Hence, after the removal of the bulk of neodymium, praseodymium, lanthanum, and 
cerium, by ordinary methods, the use of bismuth as un Ittmtnl sfparateur rapidly eliminates 
these elements from samarium, and reduces the intermediate neodymium-samarium 
fractions to a small amount. The separation of europium and gadolinium is greatly 
facilitated by the use of bismuth, although here each salt is readily miscible with the 
separating element, G. Eberhard reported that in the separation of samarium, europium, 
and gadolinium by G. Urbain and H. Lacombe's process, the separation of samarium and 
europium iB quantitative ; europium may be obtained pure ; samarium may be freed from 
europium ; and gadolinium may be freed from samarium but still containing traees of 
europium. The process has been successfully used in separating gadolinium from terbium 
in mixtures containing the elements between gadolinium and celtium ; and in separating 
the simple nitrates of gadolinium, terbium, dysprosium, etc. 

Outside the rare earths themselves bismuth is the only element which has hitherto 
been found suitable for the purpose. One of the rare earths may act as V&kment 
stparatcur. Thus, in the fractional crystallization of lanthanum, praseodymium, 
and neodymium double ammonium nitrates from nitric acid, the lanthanum separates 
fairly readily at one end before the other two elements have separated to any marked 
extent. When the lanthanum has separated, the other two elements crystallize 
very slowly and with difficulty. Hence, C. A. von Welsbach, and P. Schottlander 
recommended returning part of the separated lanthanum to the mother liquor and 
again crystallizing it out through a series of fractions. Here the lanthanum acta 
as a separating element. C. von Scheele found the double ammonium nitrate proceaa 
gave better results with cerium as separating element. 0. James used praseodymium 
as l* fitment styarateur in mixtures of thulium and erbium bromatea ; and W. Feit 
and C. Przibylla, and H. Erdmann and F. Wirth used cerous magnesium nitrate aa 
separating element with mixtures of the double magnesium nitrates of lanthanum, 
praseodymium, and neodymium. C. James and D. W. Bissel found neodymium 
acted as a separating element with mixtures of gadolinium and terbium bromates— 
each of the binary mixtures — gadolinium and neodymium and terbium bromates 
so obtained were then separated by the bismuth process. 

G. Urbain and H. Lacombe found that a mixture of rare earths rich in samarium 
and gadolinium with much of the yttrium group does not crystallize when the 
magnesium nitrate process is used. The yttrium elements do not form double 
magnesium nitrates. By adding bismuth salts from time to time to the soluble 
fractions, it is possible to make the bismuth salt accumulate at the less soluble end, 
and carry with it practically all the samarinm and gadolinium . 

The controlling of the progress o! fractionations— In fractional operations it 
is necessary to find how the separation is proceeding, and when a direct element test 
is not available, as is usually the case in rare earth separations, a method dependent 
on some physical property is employed. Prior to the introduction of the spectro- 
scope, about I860, the determination of the mean equivalent weight was the sole 
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method available for controlling the fractions of the rare earths. This is effected bv 
converting the oxide into sulphate as employed by J. F. Bahr and R. Bunsen,* etc 
by converting the sulphate into oxide as employed by G. Urbain, by converting the 
oxalate into oxide as employed by B. Brauner ; and by volumetric methods, Bay bv 
dissolving a known weight of oxide in an excess of sulphurio acid, neutralizing the 
excess of aoid, precipitating the earth with an excess of a standard soln. of oxalic 
acid, and titrating the excess of oxalic acid with standard permanganate. This 
process was used by G. Kriiss and A. Loose, W. Feit and C. Przibylla. In the 
calculations the oxide is assumed to be R2O3 except in the case of mixtures containing 
ceria, thoria, terbia, and praseodymia when the method breaks down. 

The absorption spectra of soln. with a fixed acid radicle are useful. The reflected 
light from oxides furnishes a characteristic absorption spectrum called a reflection 
spectrum . 6 K. A. Hofmann and G. Bugge, A. Wagner, and G. Urbain obtained good 
results by this method. The spark spectra ; 6 the arc spectra ; and the phosphor - 
escent spectra, produced by a stream of cathode rays, are employed . 7 The phosphor- 
escent spectra have been studied by W. Crookes, G. Urbain, etc. ; they are of limited 
application in following the course of a fractionation, but this spectrum furnishes a 
delicate test of the purity of a substance. The measurement of the magnetic 
susceptibility of a mixture of rare earths by means of the magnetic balance of, say, 
P. Curie and C. Cheveneau , 8 occupies a few minutes, and the property being strictly 
additive, has been employed to control fractionations by G. Urbain, R. J. Meyer and 
H. Golderrberg, etc. 
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§ 5. The General Separation o! the Rare Earth Group into Chemical 
Individuals 

The rare earths form a group to themselves ; chemically, they are so much alike that it 
taxes the utmost skill of the chemist to effect even a partial separation, and their history is 
so obscure that we do not yet know the number of them.- - W. Crookes. 

The extraction of most of the individual members of the rare earth elements 
from minerals is a very laborious operation, but the separation of the group from 
foreign elements is comparatively easy. The particular mineral selected for treat- 
ment is determined by the element which is in quest. When the proportion of the 
desired earth contained in the available mineral is small, it is of course necessary to 
treat with rather large quantities of raw material. Thorium for gas mantles is 
extracted on a large scale from monazite sand, and cerium for pyrophoric alloys is 
extracted from the residual salts. The residues were worked up by C. James 1 for 
yttria earths, and they furnished samarium, gadolinium, europium, terbium, 
dysprosium, and holmium. Monazite sand is also a convenient source of cerium, 
lanthanum, praseodymium, and neodymium. According to C. It. Bohm, commercial 
cerium oxalate, and cerium oxalicuni medicinak are monazite residues, and when 
calcined, give mixtures containing about 50 per cent, of cerium. Terbia is best 
obtained from xenotime, euxenitc, samarskite, and some columbates; and gadolinito 
is rich in yttria and ytterbia. 

The first operation is to open up the mineral so that the desired constituents can 
be brought into soln. The elements so far as the hydrogen sulphide precipitates are 
removed in the usual manner. The rare earths are separated from the other elements 
by taking advantage of the insolubility of their oxalates in dil. mineral acids. 
E. Rimbach and A. Schubert, and B. Brauner have studied the solubilities of some 
of the rare earth oxalates. Table VII represents the solubilities in water, in soln. 
of ammonium oxalate, and in iV-sulphuric acid. 


Table VII. — Solubilities of the Rare Earth Oxalates. 


Oxalate. 


Lanthanum 

Praseodymium 

Neodymium 

Cerium 

Yttrium 

Ytterbium . 

Thorium 


Water 

grm. per litre. 

^Ammonium oxalate. 

One gram of oxalate In 

38 gnus, of water 
(llsaolvea grin. 

Normal sulphuric arid. 
Grins, of Anhydrous 
oxalate per litre. 

0-00062 

0 00023 

'2-50 

0-00074 

0*00020 

1-23 

0 00049 

000034 

100 

000041 

0-00042 

1-64 

000100 

0-00250 

— 

000334 

0-02437 

— 

— . 

0-02000 

0190 


Other determinations have been made by R. J. Meyer and 0. Hauser. The oxalates 
are slightly soluble in dil. mineral acids, and the solubility increases with the cone, 
of the acid and with temp. Observations have been made by 0. Hauser and 
F. Wirfh, R. J. Meyer and A. Waasjuehnofi, and B. Brauner, The results of 
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F. Wirth are illustrated in Figs. 3 and 4. In Table VIII, the solubility represents 
grams of anhydrous oxalate in lOOgrms. of sat soln . at 25°. Excluding the erbium 


Normality of acid Normality of acid 

FlU n 3 - 1 - Sol V bi l it ‘ e ® of Some Rare Earth Fig. 4.— Solubilities of Cerium, Neodymium, 
Oxalates in Sulphuric Acid at 26°. and Scandium Oxalates in Sulphuric and 

Hydrochloric Acids at 25°. 

Table VIII.— Solubility of the Rare Earth Oxalates in Sulphuric Acid. 


*-h,so. 


R,(C.0 4 ),.»H,0 


R-Y I R»Er 
n«i) n-15 


oxalate curve, the more basic the rare earth, the greater is the solubility of the 
corresponding oxalate in the acid. The solubility in hydrochloric acid is greater 
than in sulphuric acid. Thus, R.,J. Meyer and 0. Hauser give for the number of 
grams of anhydrous oxalate per 100 grms. of soln. with iY-hydrochloric acid at 25° : 

• .0128 0-28 0*6 10 1*8 2*0 8*0 4*0 6*0 

s * * * 00151 00843 °‘0812 0*1974 0*366 0*682 0*977 1*688 — 

Nd . . . — — 0*0270 0*0732 — 0*333 — — 1*721 

Scandium oxalate is more soluble in aq. sulphuric acid than in aq. hydrochloric acid 
& 208, results are shown in Fig. 4. Like thorium and scandium oxalates, but unlike 
76 *183 T nittm ox * lat ?> th , e °**kt*s of the rare earths are but very sparingly soluble in 
1839 j 79?8 l 0 ^ oxa ^° ac ^» 411(1 the addition of oxalic acid reduoes the solubilities of 
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fcheae oxalates in the mineral acids. 0. Haufcer and F. Wirth give for the solubilities 
of the oxalates in a mixture of sulphuric and oxalic acids, expressed in graxuB oi 
. anhydrous oxalate per 100 grms. of soln., at 25°, the results shown in Table IX, 

Table IX. — Solubilities of Some Rare Earth Oxalates in Mixtures of Sulphuric 
and Oxalic Acids. 


.V-H,S0 4 

A'-H,C„0 4 

j La oxalate 

Cc oxalate 

Sm oxalate 

005 

005 

I 

0-0030 


005 

0-05 

00039 

(0-0025) j 

0-0009 

0*25 

0*25 

0-0099 

00046 



025 

0-50 

0-0069 

i 

- 

0-50 

005 ; 

0-0334 

0-0105 



0*50 

0-50 

0-0090 

(0 0010) 

0-0010 

0*90 

0-50 

0-0138 


0-0032 

MO 

0-50 j 

0-0203 


0-0042 

1*44 ] 

0-50 

0-0293 


0-0057 

1*70 

0*50 I 

: . i 

00369 

— 1 

0-0080 


With more cone, acids, the solid phase changes and, as A. Job has shown, mixed 
oxalates --oxalato-chlorides, oxalato-nitrates, oxalato-sulphatos, etc.— may be 
formed ; or the oxalate may be converted into chloride, nitrate, sulphate, otc. 
The oxalates of the ceria earths are almost insoluble in soln. of the alkali oxalates, 
those of the yttria earths are perceptibly soluble. The order of increasing solubility 
of the rare earth oxalates in soln. of ammonium oxalate — Table VII.— is approxi- 
mately in the order of the decreasing basicity of the corresponding oxide. Soln. 
of ammonium and potassium oxalates are better solvents than soln. of sodium 
oxalate for the yttria earth oxalates. The solubility of the rare earth oxalates is 
connected with the formation of complex oxalates several of which have been 
isolated. The whole of the third analytical group of elements, including the raro 
earths, can be removed from the soln. filtered from the hydrogen sulphide pre- 
cipitate by treatment with ammonia ; or, the rare earth group can be separated 
from the filtrate of the hydrogen sulphide precipitate, or from the acid soln. of the 
ammonia precipitate by treatment with oxalic acid. Zirconium oxalate is fairly 
soluble in oxalic acid and in mineral acids, so that it remains in soln. The thoria is 
then to be separated from the residual rare earths, and the rare earths fractionated. 

The opening up of the mineral. — The miner&l is very finely powdered. It may 
or may not be soluble in hot hydrochloric acid or in hot sulphuric acid. For 
example, cerite, allanite, gadolinite, thorite, and yttrialite are decomposed by treat- 
ment with hydrochloric acid ; and cerite, allanite, acschynite, gadolinite, xenotime, 
yttrotitanite, thorianite, and monazite are decomposed by sulphuric acid. With 
reschynite, G.IJrbain 2 recommended heating the finely powdered mineral until the 
excess of acid was eliminated, and after treatment with icc-cold water, allowing 
the liquid to stand for 24 hrs., and decanting the clear liquid from the residual 
titanic, columbic, and tantalic acids. The liquid was treated with ammonia, and 
the washed precipitate boiled with cone, nitric acid for some days, adding more 
acid from time to time to make good the loss by evaporation. The liquid was 
allowed to stand for several days, and the clear portion decanted from the last traces 
of titanic, columbic, and tantalic acids. With monazite sand, the excess of sulphuric 
acid should not be expelled so as to keep the phosphates in soln. when water is 
added. G. Urbain recommended decomposing monazite by fusion with sodium 
carbonate. In the case of fergusonite, euxenite, polycrase, samarskite, and 
yttrotantalite, the mineral is to be fused with sodium hydrosulphate, or sodium 
pyrosulphate, and the cold cake taken up with acid. L. F. Nikon and G. KriisS 
used the potassium salt, but it is better to use the sodium salt, Because the former 
gives sparingly soluble complex salts under conditions where the salts given by the 
vol. v. 2 w 
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latter are freely soluble. The temp, is raised gradually to avoid loss by spurting. 
The fusion temp, is kept as low as possible in order to avoid the formation of 
sparingly soluble basic sulphates. C. James decomposed euxenite by heating it 
with an excess of sulphuric acid. Some of the columbates —e.g. sipylite — the 
tantalates, and the titanates are best decomposed by fusion with sodium hydroxide, 
and the cold cake taken up with acid. 

H. E. Roscoc, J. L. Smith, and W. Gibbs found that it is possible to decompose 
minerals like fergusonite, euxenite, polycrase, samarskite, and yttrotantalite by 
treatment with hydrofluoric acid. The rare earths then remain as insoluble fluorides 
which can be brought into soln. by decomposition with sulphuric acid. If the 
fluorides be washed with dil. hydrofluoric acid, M. Delafontaine showed that 
columbium, tantalum, tungsten, and zirconium fluorides pass into soln. W. B. Hicks 
found that the mineral columbates, tantalates, titanates, etc., are decomposed by 
heating in a stream of sulphur chloride, S 2 C1 2 ; the chlorides of columbium, tantalum, 
titanium, tungsten, etc., are volatilized, while the chlorides of the rare earth metals 
remain. Good results were obtained with samarskite, fergusonite, feschynite, and 
euxenite. J. Barlot and E. Chauvenet also obtained good results by using carbonyl 
chloride in place of sulphur chloride. 

The isolation of the rare earth group. -The acid soln. of the mineral or cold cake 
resulting from the fusion is taken up with water or dil. acid, and evaporated to 
dryness. The residue is digested in acid, and the soln. boiled for a couple of hours. 
Most of the zirconia and forric oxide dissolves, while silica, stannic, tungstic, titanic, 
eolumbic, and tantalic oxides, and lead and barium sulphates remain undissolved. 
The soln. is allowed to stand for some hours, and filtered. The filtrate contains the 
rare earth oxides, uranium and thorium oxides, alumina, part of the zirconium and 
ferric oxides, magnesia, the alkaline earths, and alkalies. The hot acid soln. is 
saturated with hydrogen sulphide, and again saturated when cold. The liquid is 
filtered and boiled to expel hydrogen sulphide. Simplifications can be introduced 
when the composition of the rare earth material permits. The soln. containing the 
rare earths, aluminium, zirconium, uranium, etc., hydroxides or phosphates is treated 
with a slight excess of oxalic acid. The precipitated oxalates separate in a colloidal 
form, which includes some of the mother liquor. One portion of the oxalic acid 
should be added first, and before adding the remainder of the acid, the precipitate 
should be vigorously shaken until it assumes the crystalline form. The crystalline 
precipitate can be easily filtered and washed. The yttrium, cerium, and thorium 
oxalates are precipitated, while zirconium, aluminium, iron, and uranium remain 
in soln. According to 0. Hauser, 3 the presence of uranyl salts makes the cerium 
oxalates very soluble, unless a great excess of oxalic acid is added. The chief 
source of difficulty is a fact that the acidity of the soln. requires careful adjustment, 
or appreciable quantities of the cerium, yttrium, and thorium oxalates will pass 
into soln., or else the precipitate may be contaminated with 'zirconium oxalate. 
The conditions for successful work with ceria have been investigated, but not for 
yttria. The best results are obtained when the ammonia precipitate is dissolved in 
to |2V-hydrochloric acid — about 50 c.c. of acid are required per gram of the 
earths. Add 40-50 c.c. of a 10 per cent. soln. of oxalic acid, and keep the soln. at 
about 60° for about 12 hrs. The precipitate is washed with warm water. The 
precipitate can be calcined to convert the oxalates into oxides. The precipitated 
oxalates are usually contaminated with small quantities of iron, aluminium, and 
calcium oxalates and phosphates. The precipitate is then digested with fuming 
hydrochloric acid, on a water-bath, and a reprecipitation made with oxalic acid. 

The removal ol thoria from the rare earths.— The washed precipitate of the mixed 
oxalates is digested on a water-bath with cone, nitric acid (sp. gr. 1*4) and one drop 
of jJjN-potassium permanganate, which accelerates the rate of dissolution by the 
nitric acid is added. The dish should be covered with a clock-glass to prevent loss by 
spurting. The oxalates will be decomposed in a short time. The excess of acid is 
removed by evaporation. The mixed oxalates can also be converted into carbonates 
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by heating them with a 10 per cent. soln. of sodium carbonate, and a little sodium 
hydroxide to precipitate, any of the thorium which might pass into 8oln. The 
washed precipitate is then dissolved in hydrochloric acid. Several methods are now 
available for removing the thoria. (1) The hydrogen peroxide proem, studied by 
G. Wyrouboff and A. Verneuil, 4 P. T. Cleve, L. de Boiabaudran, etc., is based on the 
fact that all the thorium separates as peroxyhydroxide, Th(OH) 4 (O.OH), a white 
voluminous precipitate, when a soln. of the nitrate is treated with hydrogen peroxide. 
The procedure recommended by G. Wyrouboff and A. Verneuil is as follows : 

Barium peroxide is stirred into a cone, acid soln. of the rare earths n little at. a time 
uhtil the clear liquor no longer gives a precipitate with cone, hydrogen peroxide. The 
(titrate contains rare earths free from thorium, the precipitate contains thorium mixed with 
20- 30 per cent, of the rare earths. The washed precipitate is dissolved in cold hydrochloric 
acid, and the Imrium removed by adding a slight excess of sulphuric acid so that the filtered 
soln. does not contain over 15 per cent, of free acid. Oxalic acid is added, and the pre- 
cipitated oxalates are washed and treated with a very cone, ammoniaeal soln. of ammonium 
carbonate. Thorium oxalate passes into soln. togethor with about 7 per cent, of the raw 
earths. The precipitate of rare earth oxalates is free from thorium. The cold filtrate is 
treated with sodium hydroxide, and the washed precipitate dissolved in the minimum 
quantity of nitric acid, ami the thorium precipitated by adding an excess of hydrogen 
j)eroxid<\ The filtrates containing rare earths are united and precipitated with oxalic acid 
in a slightly acid soln. ; the precipitates of the rare earth oxalates aro collected together. 

Among other methods for separating thoria from the rare earths there is (2) 
J. J. Chydenius’ thiosulphate process , 5 in which a boiling dil. soln. of the chlorides 
is treated with aii excess of a cone. soln. of sodium thiosulphate. Basic thorium 
thiosulphate is precipitated in a flocculent mass which, after standing about 12 hrs., 
is easily filtered and washed. The precipitate with its filter-paper is digested in 
cone, hydrochloric acid, and again treated with the thiosulphate so as to get rid of 
all but a trace of ceria which contaminated the first precipitate. (3) J. F. Bahrs 
ammonium oxalate process . 8 Thorium oxalate is somewhat soluble in nearly neutral 
soln., of ammonium oxalate, and if a large excess of ammonium oxalate be used, 
thorium may not be precipitated at all ; but an excess is necessary to keep the 
zirconium oxalate in soln. Hence, some thorium may escape precipitation, and, 
if not separated, will, later on, appear witli the zirconium precipitate. 0. Glaser, 
therefore, recommended adding cone, hydrochloric ucid to the boiling filtrate. On 
cooling, insoluble thorium oxalate is precipitated. The zirconium oxalate is soluble 
in the oxalic acid liberated by the action of the hydrochloric acid. The process may 
have to be repeated several times, because even with C. Glaser's improvement the 
separation is not sharp, for notable quantities of the rare earths— particularly the 
yttrium oxalates— pass into soln. As previously stated, 0. Hauser added that 
should uranium be present the solubility of the cerium and lanthanum oxalates 
is increased, and the precipitation will be imperfect unless a very large excess of 
oxalic acid is present. 

T. O. Smith and 0. James, 7 and 0. Knofler wcontinendod sebacic acid as a precipitating 
agent for thorium ; W. B. Giles, lead carbonate eerie salt is also preci pita ted, and to 
prevent this, the ceric salts should be reduced to cerous salts by sulphur dioxide; L. M. Dennis 
and F. L. Kortright, T. Curtius and A. Darapsky, and Cl. Wyrouboff and A. Verneuil, sodium 
azide ; F. J. Metzger, fumaric acid ; A, C. Neish, and A. Kolb and H, Ah r lei, metanitro- 
benzoic acid ; T. O. Smith and C. James, pyrotartaric acid ; R. J. Meyer and M. Speter, 
iodic acid ; R. J. Carney and E. D. Campbell, pyrophosphoric acid ; M. Koss, A. Rosen- 
heim, and F. Wirth, sodium hypophosphate ; F. Corelli and G. A. Barbieri, and C. R. Bohrn, 
salicylic acid ; VV. Muthmann and E. Baur, potassium chromate ; L. de Boiabaudran, 
copper and cuprous oxide ; C. R. Bohm, acetic acid ; R. Chavastelon, H. Grossmann, and 

A. Batek, sodium sulphite ; and F. J. Metzger and F. W. Zons, ammonium molybdate, 

B. L. Hartwell, and A. McM. Jefferson studied the precipitation of thorium in the present* 
of the rare earths by quinoline, aniline, and other aromatic bases. 

After the above treatment the rare earth oxalates are supposed to have been 
freed from thoria, zirconia, etc. Scandia still remains. Should any thoria have 
escaped the extraction, and still pollute the rare earths, it will appear in one of the 
subsequent fractions, and if the sodium sulphate process be employed, the thoria 
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will be found in the more soluble yttria fractions. Similarly, if traces of other 
elements still contaminate the rare earths, they may introduce complications in 
later fractions, and lead to the premature announcement of a new element. Quite 
a long list of pseudo-discoveries has been made both in connection with the rare 
earths and in connection with other elements. The deceptio visits is the more likely 
to lead one astray because the characteristic properties of one element may be 
suppressed or masked in the presence of another element, so that reactions which 
readily occur when the element is alone do not necessarily occur when the two 
elements are mixed together. For instance, W. Crookes 6 showed that titanium 
hydroxide is completely precipitated when a dil. soln. of titanium sulphate is boiled 
for some time ; but if zirconium be present, there may be either an incomplete 
precipitation or none at all. The phenomenon is by no means uncommon. Thus, 
C. A. Joy found that aluminium hydroxide is dissolved by ammonium carbonate 
soln. in appreciable quantities when beryllium hydroxide is present, but alone, the 
alumina is scarcely affected. Columbium hydroxide is completely precipitated 
if a dil. acid soln. of the chloride be boiled, but, according to L. Weiss and 
M. Landecker, some columbium escapes precipitation if much titanium be present, 
for “ it seems as if a soluble double chloride of titanium and columbium is formed 
and part only of the columbium separates as hydroxide.” These facts also show 
that tables of solubilities like Table VII must be used with caution. 

The resolution o! the rare earths into ceria and yttria earths.— J. J. Berzelius 
and J. G. Gahn 9 employed potassium sulphate as a group reagent — vide Table I — 
for separating the rare earths contained in yttrocerite into the yttria and ceria 
groups according as they are soluble or insoluble in a cold sat. soln. of that salt. 
The process was employed by many of the early workers, J. J. Berzelius and 
W. Hisingcr, J. C. G. de Marignac, C. G. Mosander, N. J. Berlin, M. H. Klaproth, 
etc. Most of tho terbia group accompanies the sparingly soluble ceria group. The 
separation is not clean. Tho precipitate containing the double sulphates of the 
ceria earths is tainted with some of tho members of the yttria earths ; while the 
filtrate contains a considerable proportion of the terbia and ceria earths— more 
particularly with neodymia and samaria because, according to 0. Boudouard, and 
G. Ur bain, samarium and neodymium double sulphates are appreciably soluble in 
the presence of much yttrium sulphate, and in addition to the augmentation of the 
solubilities of the double sulphates of the terbium family, these salts are formed 
somewhat slowly. The potassium sulphate process is therefore to be regarded as a 
method of fractionation. C. James showed that if much of the neodymium be left 
in soln. only traces of the terbium and yttrium groups are precipitated. The 
yttrium and terbium earths in the filtrate are converted into double magnesium 
nitrates and fractionated. The crystals contain the cerium group up to neodymium ; 
the mother liquor contains samarium, terbium, and yttrium. 

Tho separation is conducted by gradually adding finely divided potassium sulphate to 
a sain, of the rare earth sulphates, chlorides, or nitrates. R. J. Meyer worked with a soln. 
which had just been raised to the b.p., and kept the soln. vigorously stirred by a jet of 
steam. The addition of potassimn sulphate is continued until a test portion of the clear 
soln. shows but the faintest absorption spectrum of didymium, Fig. 1. The crystals of tho 
cerium earth double sulphates are allowed to settle, and the soln. of yttrium earths is de- 
canted off, and the orystals washed with a cold sat. soln. of potassium sulphate. If the 
potassium sulphate be added until the didymium absorption spectrum has vanished, some 
double sulphate yttria earths will be precipitated with the ceria earths. Many modifications 
have been proposed by K. A. Hofmann, L. M, Dennis and E. M. Chamot, A. Bettendorff, 
W. Muthmann and H. Rdlig, L. de Boisbaudran, J. 0. G. de Marignac, etc. 

M. H. Klaproth used sodium Bulphate in place of potassium sulphate in his work 
on ochroite, and this salt has been employed by W. Gibbs, J. L. Smith, C. James, 
M. Delafontaine, G. P. Drossbach, L. de Boisbaudran, C. Erk, etc. Solid sodium 
sulphate is stirred into a 10 per cent. soln. of the rare earth chlorides, nitrates, or 
sulphates until the didymium bands disappear. Special care must be taken not to 
use an undue excess of the sodium salt because of the formation of a sparingly soluble 
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yttrium sodium sulphate— Fig. 25. The double sulphates of the cerium group are 
filtered off and washed with sodium sulphate soin. as described below. The filtrate 
is treated for the yttrium group — vide infra. 

C. James found that the sodium sulphate process does not give such good results 
if the cerium group predominates much in excess of the yttrium group. In that case, 
(1) the potassium sulphate method can be used ; (2) an excess of sulphuric acid can 
be added ; the liquid warmed so as to precipitate the bulk of the cerium group as 
sulphates, and the filtrate treated by the sodium sulphate process (G. P. Drossbach) ; 
(3) the bulk of the cerium group can be precipitated as double carbonates by adding 
potassium carbonate, and the filtrate treated by the sodium sulphate process 
(G. P. Drossbach) ; or (4) the material can be fractionated by the double magnesium 
nitrate process of E. Dema^ay, whereby the terbium and yttrium groups collect in 
the more soluble portions (C. James) . C. James recommended four different methods 
of treatment dependent upon the composition of t he crude oxalates : 

(«) If the mixture is chiefly composed of lanthanum, much cerium, praseodymium, 
neodymium, samarium, europium, and gadolinium.it should ho converted into the neutral 
nitrates and boiled with potassium bromato and marble, as required for the separation of 
cerium— vide infra, (b) if only a little cerium is present, the oxides should be converted 
into double magnesium nitrates, which are then fractionated, the cerium being separated 
from tho fractions in which it is found to occur, (c) Should the mixture bo composed 
of gadolinium, terbium, dysprosium, holmium, erbium, thulium, ytterbium, lutecium, 
yttrium, and scandium, it is best to commence with the fractional crystallization of the 
bromates. ( d ) When the cerium and yttrium metals occur together, one must commence 
with the sodium sulphate treatment. 

C. James’ process for separating the ceria earths.— Tho precipitate obtained by 
the sodium sulphate process contains cerium, lanthanum , praseodymium, neodymium, 
samarium, europium, gadolinium, and traces of terbium, dysprosium, etc., belonging 
to the yttrium family. An outline of the scheme is indicated in Table X. 


Table X.- -Resolution of the R\ke Earth Sulphates insoluble in a Saturated 
Solution of Sodium Sulphate. 

Treat chlorides of rare earth with sodium sulphate 


Precipitate I 

(Ce, La, Pr, Nd, Sa, Eu, (id) 

Boil nitrates with KBrO, and CaCO, 


I 


I Solution A 

(Tb, Dy, Ho, Y, Kr, Tm, Yb, Lu) 


i 


La, Pr 

Fractionate double 
NH 4 nitrates from 
nitric acid 


Pr, Nd 

Fractionate double 
Mn nitrates from 
nitric acid 


I ' 

Nd 


Fractionate double Mg 
nitrates from water 


Ii 


Sa, Eu, Gd, Tb 
Fractionate from 
nitric acid 


Pr 


Jr lid 


Bi 


si/ 


Fractionate with Bi, 
Mg nitrate 

- > 

Gd, Tb 

Fractionate with Bi, Mg 
nitrate and nitric acid 


Fractionate double 
Ni nitrates 


Transfer to dyspro- 
sium, Table a I 


Transfer to solution 
A above 


<M 


Transfer to 
D, Table- XI 
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The separation of ceria .— The double sodium sulphates are decomposed by boiling 
with a cone. soln. of sodium hydroxide. Water is added, and the hydroxides filtered 
and washed until free from sulphates. The hydroxides are dissolved in nitric acid 
and the soln. nearly neutralized. Potassium bromate is added to the boiling soln! 
as recommended by C. James and A. L. Pratt 10 until red fumes of bromine appear 
a few lumps of marble are then added to keep the liquid nearly neutral. The liquid 
is boiled until a few drops of the filtered liquid fail to give the reaction for cerium 
with hydrogen peroxide. The lump marble is removed and the precipitate allowed 
to settle. The basic ceric salts are filtered, and washed with dil. nitric acid. 

The precipitate of basic coric nitrate can be purified by a repetition of the process ; or 
it can be dissolved in cone, nitric acid by the aid of a little alcohol. The orange-red liquid 
is boiled with lump marble for a short time so that it does not become too alkaline. The 
precipitate is filtered off, and the soln. treated with potassium bromate to remove 
the remaining cerium. The basic salts can be further purified by dissolving the precipitate 
in hydrochloric acid, adding a slight excess of sulphuric acid, and heating. The crystalline 
cerium sulphate which separates is washed with alcohol. 

The preliminary separation into four fractions.— The filtrates from the basic 
cerium salts can be precipitated either in the cold, with oxalic acid ; or boiling, with 
sodium hydroxide. If a large excess of bromate has been used, much oxalic acid is 
consumed in reducing the bromate to bromine, etc. The oxalates are converted 
into oxides by ignition, and E. Demarfay’s magnesium nitrate fractionation process 
is applied. 

The oxides are dissolved in a known amount of nitric acid, an equal weight of nitric acid 
is neutralized with magnesia, and tho two soln. aro mixed. The soln. is evaporated until 
crystals begin to form when the surface is blown. Water is sprayed on the surface, 
and the wholo is allowed to crystallize for about 24 hrs. The mother liquid is poured off, 
and further evaporated, while tho crystals are dissolved by heating them with a little water. 
The two soln. are allowed to crystallize so that about half the solid separates on cooling, 
the process is now arranged so that the more soluble portions move in ono direction, the less 
soluble fraction in the opposite direction. When tho crystallization of the second series is 
complete, the liquid from tho more soluble portion is poured off and again evaporated, 
while tho liquid from the first fraction is used as solvent for tho second fraction —adding or 
evaporuting water as may be necessary. The least soluble portion of tho first fraction is 
again dissolved by heating it with water. Tho process is repeated many times. When 
the fractions at oither ond become too small to work they should miss ono series of operations 
and be added to tho next lot. After a few series of crystallizations, tho least soluble 
portion becomes very light coloured, later growing nearly colourloss, and finally takes a faint 
greon tinge. When the fractions at this end no longer show the characteristic absorption 
bands of neodymium, they should be placed aside and mixed togother according to 
the amount of praseodymium contained therein ; in other words, fractions of the same colour 
are united. If the liquid refuses to crystallize or a precipitate forms, it is best to dil. with 
water and precipitate with oxalic acid in order to separate the impurities that have accumu- 
lated and interfere with tho crystallization. The insoluble oxalates are converted back 
to the double magnesium nitrates. The crystals are inclined to carry much mother liquid. 

During the fractionation the more soluble portion changes rapidly, acquiring a 
yellow tint, and showing the spectra of samarium, dysprosium, holmiuni, 
and erbium. The neodymium finally becomes very weak in the mother liquor o i 
the most soluble fraction. The soln. is then set aside to be treated for samarium, 
europium, and gadolinium. The more soluble portion of the remaining fractions soon 
becomes an amethyst-blue colour, and it is set aside as crude neodymium. After 
fractionating for some time longer, the material will have been resolved into the 
following four groups of double magnesium nitrates — commencing with the least 
soluble : (i) Lanthanum and praseodymium ; (ii) Praseodymium and neodymium ; 
(iii) Neodymium ; and (iv) Samarium, europium, and gadolinium together with 
the simple nitrates of terbium, dysprosium, holmium, yttrium, etc. 

(i) Isolation of lanthanum.— The fraction containing lanthanum and praseo- 
dymium can be treated by the metanitrobenzenesulphonate or the bromate process. 
0. James recommends C. A. von Welsbach’s process involving the fractional 
crystallization of the double ammonium nitrates. 
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The rare earths are separated from the double magnesium nitrates, by adding oxalic 
acid to the aq. soln. of the magnesium double salts, and igniting the washed and dried 
oxalates. The resulting oxides are dissolved in the required amount of nitric aoid, and for 
every three parts of acid required by the oxides, two additional parts are neutralized by 
ammonia. The resulting soln. are mixed, filtered if necessary, and evaporated until small 
crystals appear when the surface is blown. A little water is sprayed on the surface 
of the hot soln. and the whole is allowed to crystallize for 24 hrs. The process of fractional 
crystallization is allowed to proceed as in the case of the double magnesium nitrates. 

(ii) Isolation of praseodymium . — Praseodymium is obtained from the mother 
liquor remaining after the separation of lanthanum, and from the second fraction 
of the double magnesium nitrate process. The fractionation of the double 
ammonium nitrates is continued until no more lanthanum ammonium nitrate 
separates at the less soluble end of the series. The praseodymium accumulates at 
the more soluble end of the series. The mixture of praseodymium and neodymium 
magnesium nitrates is then treated by H. Lacombe’s process involving the fractional 
crystallization of the double manganese nitrates from dil. nitric acid. 

The rare earth oxides are extracted from the magnesium double nitrates as indicated 
above. The oxides ure dissolved in nitric acid, and an equal amount of nitric acid is 
neutralized by manganese carbonate. Any peroxide remaining undissolvcd ean bo brought 
into soln. by the addition of a few drops of dil. oxalic acid soln. to the hot double nitrates. 
The manganese double salts are crystallized from nitric acid having a sp. gr. I ’3. 

The fractionation is continued until the spectrum of neodymium disappears, even 
when a cone. soln. is examined in thick layers. The double ammonium or manganese 
nitrate is then dissolved in water and precipitated with oxalic acid. The oxalate 
is free from the other rare earth metals excepting perhaps a trace of cerium. 
The cerium can be removed by 0. James and A. L. Pratt’s process — vide supra — 
or by means of the potassium permanganate process — vide infra. 

(iii) Isolation of neodymium . — Neodymium is obtained from the mother liquors 
of the double manganese nitrate and the third fraction from the double magnesium 
nitrate process. The fractional crystallization of the respective mixtures can 
be continued until the most soluble fraction assumes a lilac-blue colour, with marked 
absorption bands in the blue. The pure oxide is blue. 

(iv) Isolation of samarium and europium . — The fourth fraction from the double 
magnesium nitrate process contains samarium and europium as well as large 
quantities of gadolinium, yttrium, dysprosium, and erbium. The double magnesium 
salts are fractionally crystallized from 30 per cent, nitric acid. The least soluble 
fractions soon acquire a yellow tint as the samarium accumulates, while the most 
soluble fractions begin to crystallize badly as the yttrium earths accumulate. 
G. Urbain and H. Lacombe’s Vklement separateur in the form of bismuth magnesium 
nitrate may now be advantageously employed. This rapidly removes all the 
europium from the yttrium earth nitrates, After many crystallizations, the mother 
liquor shows a strong spectrum of dysprosium, holmium, and erbium, and it is put 
on one side. The series is allowed to expand to about 20 fractions. After a largo 
number of crystallizations, samarium is removed from the least soluble end, when it 
is considered certain that all the europium has passed along the series. As soon as 
the gadolinium fractions, next to the samarium, show a fine sharp absorption band 
in the blue, due to europium, 50 per cent, nitric acid is used as solvent. Most of 
the samarium of a high degree of purity will now have been removed, and in addition, 
nearly all the yttrium, dysprosium, and erbium earths, together with quantities 
of gadolinium from the opposite end. As the work proceeds, the europium band 
grows stronger in the fractions between samarium and gadolinium ; later two green 
bauds appear. The fractions become smaller and smaller since all the mother 
liquors beyond one or two that give no europium spectrum, have been removed 
Only traces of samarium are left. Finally, the samarium bands disappear and the 
remaining fractions contain only bismuth magnesium nitrate. The fractions con- 
taining no gadolinium are mixed, diluted, and the bismuth precipitated with hydrogen 
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sulphide ; the clear filtrate is treated with oxalic acid, and the europium oxalate is 
collected, washed, and dried. 

(v) hohlion of gadolinium.— AW the more soluble portions of the preceding 
operations consisting of gadolinium, yttrium, etc., are collected together ; converted 
into oxalates ; ignited to oxides ; and dissolved in nitric acid. The simple nitrates 
are then fractionated from cone, nitric acid. The first crystals contain gadolinium 
and terbium ; the intermediate crystals contain dysprosium, holmium, and yttrium ; 
and yttrium, erbium, etc., collect in the mother liquor. The last is added to soln. 
of yttria earths derived from the first sodium sulphate precipitation. The middle 
fraction containing dysprosium, holmium, and yttrium is added to a later fraction 
employed for dysprosium. The least soluble nitrates of gadolinium and terbium 
cannot be purified by the fractional crystallization of the double magnesium nitrates, 
likewise the simple nitrates fractionate very slowly, but G. Urbain fractionated the 
double nickel nitrates and obtained a white gadolinium, salt which readily crystallizes 
from nitric acid of sp. gr. 1*3. Terbium collects in the more soluble crystals. 

C. James’ process for separating the yttria earths. — The fraction of the rare 
earths soluble in a sat. soln. of sodium sulphate, consists of dysprosium, holmium, 
yttrium, erbium, thulium, ytterbium, lutecium, ccltium, and small quantities 
of gadolinium, terbium, and scandiurh. The soln. is acidified, and the rare earths 
are precipitated by oxalic acid. The oxalates are heated with cone, sulphuric acid 
until fumes of sulphuric acid cease to be evolved. An outline of the scheme of 
separation is indicated in Table XI. 


TaBLK XT. — RESOLUTION OF THE RARE EARTH SULPHATES SOLUBLE IN A SATURATED 

Solution of Sodium Sulphate. 


Solution A (Tb, Dy, Ho, Y, Er, Tm, Yb, Lu) 
Fractionato tho bromates from water 


1 

1 ! 

| 

Nd, Sft, Eu, C3d, Tb 

Tb, Dy, Ho, Y Y(Er) 

Y, Er, Tm, Sc 

Transfer to H 

Fractionate ethyl- Purify 

Fractionate the 

ofTabloX 

sulphates j 

fused nitrates 

I 

D, from [ 

"I I | 

1 

| 1 

Table X Tb, Dy 

1 ! 

Dy Dy, Ho Ho, Y 

Y, Tm, Sc Er 

Fractionate by 


| 

the fusod 


Fractionate nitrates 

nitrate 


with bismuth 
nitrate 

process 

1 



Tm, Yb, Lu 
Continue 
fractionating 
the bromates ; 
or fractionating 
the nitrates 
from nitric acid 


Gd! Tb Jb 

Transfer 

toC, 

Table X 


I)y, Tb 
Transfer 
to JS, 
above 


l" 


Ho, Y 


Tm 


I 

Yb 


Lu 


The preltmimry separation into five fractions .— The sulphates are dissolved in 
cold water, and the cone. soln. gradually added to finely divided barium bromate 
covered with a layer of water ; the mixture is heated and stirred until decomposition 
is complete. This is shown by the absence of a precipitate when a little of the clear 
liquor is diluted and boiled with a soln. of barium bromate. The mixture is filtered, 
and the barium sulphate well washed. The clear filtrate is evaporated until a drop 
removed on the end of a glass rod nearly solidifies when rubbed on a watch-glass. 
A little water is then sprayed on the surface, and the contents allowed to crystallize. 
The mother liquor and crystals are fractionally crystallized. The absorption 
spectrum soon shows that a change rapidly occurs. The products (i) samarium, 

f idolinium, terbium, neodymium, and europium which collect at the less soluble end. 

hia mixture is fractionated as indicated in connection with Table X for the more 
soluble earths derived from the samarium-europium fraction (iv), (ii) The second 
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raction is yellow, and contains dysprosium, holmium, and yttrium, with small 
quantities of terbium, (iii) The third fraction consists almost entirely of yttrium 
sontaminated with small quantities of dysprosium, holmium, and erbium, 
iv) Practically the whole of the erbium is contained iu the fractions more soluble 
;han yttrium ; the erbium spectrum is very marked, and the soln. is rose-red. (v) 
The mother liquor is nearly colourless or it has a faint pink colour. The absorption 
ipectrum shows a feeble erbium spectrum and an intense thulium spectrum. This 
raction consists almost entirely of ytterbium, lutecium, and celtium. 

Traces of scandium in the mineral are usually lost in the oxalate precipitations, owing to 
bhe slight solubility of scandium oxalate, particularly in the presence of free acid. During 
the fractional crystallisations, the scandium accumulates in the mother liquid and in the 
erbium, and dysprosium fractions. 

(i) Isolation of terbium. — The mother liquor from the gadolinium nickel nitrate 
fractionation contains terbium, as well as dysprosium, and gadolinium. Tho less 
soluble portion of the next fractionation also contains terbium and dysprosium. The 
collected mixture can be fractionated by crystallization of the simple nitrates, as the 
ethyl sulphates, or it may be fractionally precipitated by ammonia which concentrates 
the terbium in the portions more basic than dysprosium. The simple nitrates are 
fractionally crystallized using bismuth nitrate as a separating element, (i) Bismuth 
nitrate accompanied by terbium collects in the middle fraction ; (ii) gadolinium 
collects with the least soluble fraction; and (iii) the dysprosium in the mother 
liquor is passed on to tho dysprosium fraction. The bismuth is removed from the 
middle fractions by hydrogen sulphide, and the terbia precipitated by oxalic acid ; 
and the oxalate ignited for terbium oxide which appears as a black powder. In 
the ethyl sulphate fractionation, terbium comes between gadolinium and dysprosium. 

(ii) Isolation of dysprosium.- Most of the dysprosium in the original material 
collects in the intermediate fraction from the gadolinium nitrate fractionation, the 
second fraction from the preliminary separation of the ytrria fraction, and the 
mother liquor from the terbium fractionation. The earths in this fraction are 
separated by the ethyl sulphate process advocated by U. Urbain. The earths are 
first converted into ethylsulphates either by the action of the rare earth sulnbates 
on barium ethvlsulphate or by mixing alcoholic soln. of the rare earth chlorides 
with sodium ethylsulphate. In the former process, there is a loss of rare earth 
sulphates entrained with the barium sulphate, and the filtration is difficult ; the latter 
process gives the best results when hot cone. soln. are used. The collected fractions 
are treated with oxalic acid, the oxalates converted to oxides, and the oxides dis- 
solved in hydrochloric acid, adding a slight excess of oxide so as to keep the soln. 
slightly basic. The soln. is evaporated until it solidifies on cooling. Before the 
soln. has cooled sufficiently to solidify it is poured into 95 per cent, alcohol, and the 
turbid soln. cleared by adding hydrochloric acid drop by drop. A hot cone, alcoholic 
soln. of sodium ethylsulphate is then added, with vigorous stirring. The mixture 
is heated on the water-bath for a short time, filtered, washed with hot alcohol, 
and the filtrate allowed to crystallize. The mother liquid is poured off and the 
crystals well drained. Liquid and crystals are then fractionally crystallized for 
a long time, (i) Terbium with a little dysprosium collects in the first few fractions ; 
(ii) dysprosium alone comes next ; (iii) then follows dysprosium and holmium ; 
and (iv) the most soluble portion contains holmium and yttrium. 

(iii) Isolation of holmium. — Holmium has not been prepared of a high degree 
of purity. The small quantities available may be freed from dysprosium, but the 
fractions so obtained are rich in yttrium, and carry a little erbium. Fractionation 
by the fusion of the nitrates as described in connection with yttrium should give a 
basic holmium nitrate, but too little holmium is usually available. 

(iv) Isolation of yttrium. — The best sources of yttrium are the third fraction of 
the preliminary fractionation of the yttria earths soluble in sodium sulphate, and 
also the less soluble fraction after the separation of erbium. Several methods are 
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available for the purification of the crude yttrium. The chromate process of 
W. Muthmann and C. R. Bohm gives good results, particularly if terbium is present, 
and not much material is available. 

The oxides ere dissolved in a soln. of chromic acid so that about 40 grms. of the rare 
earth sesquioxide is contained in a litre. C. James said that the soln. obtained by adding 
potassium dichromate to a soln. of the rare earth nitrates can also be used. The liquid 
is treated with a 10 per cent. soln. of potassium chromate until it becomes cloudy, and heated 
in a retort while agitatod by a current of steam. The retort is fitted with a cork and 
separating funnel so that potassium chromate can be added from time to time to keep the 
vol. of soln. in the retort constant. The precipitate is collected in a series of fractions. 
The first and second fractions are obtained by using 10 per cent, potassium chromate, and 
about four fractions by using a 5 per cent. soln. The best fraction is virtually pure yttrium 
chromate in the form of minute deep-red prisms. 

0. James recommends the fused nitrate process of A. Damour and H. St. C. Deville 
for purifying large quantities of yttrium material. If terbium be present, pure 
white yttria cannot be obtained. The result of the operation furnishes yttrium 
nitrate of a high degree of purity, and a less basic portion which is worked up for 
erbia. He said : 

When working on a largo scale, porcelain dishes are used, while casseroles are found 
very convenient for smaller amounts. During the decomposition, the evolution of red 
fumes is allowed to proceed until the surface assumes a glazed appearance. This point 
is easily ascertained by experience. The decomposition should never bo allowed to advance 
so that the mass becomes of a thick creamy nature. The best method for obtaining a soln. 
of the melt is to pour the fused mass into a sufficient quantity of cold water. Great care, 
however, is required and stirring usually aids the operation very much. A large amount of 
cold water must be avoided, since it is desired that the soln. should he concentrated 
after about five minutes’ boiling. As the fused nitrato is gradually addod to the water, 
the temp, rapidly rises and the wholo suddenly begins to boil violently. When the dish, 
which contained the melted salt, has cooled sufficiently, u little water is added and the 
wholo heated until the glassy mass has disintegrated, after which it is added to the main 
bulk. The latter is then boiled for five minutes und sot aside to cool. Under the best 
conditions the entiro mass goes into soln. ; especially is this true of the yttrium end of the 
BerioH. Upon cooling, it will be found that tho basic nitrate separates in a crystalline form. 
At the opposite end, the least basic portion of tho fractions, there always remains an insoluble 
basic nitrate, unloss tho decomposition is stopped at an earlier stage, ?.r. when there is a 
copious evolution of red fumes. In case a precipitate remains, it is highly important that 
it bo woll agitated by thoroughly boiling. After cooling, the precipitate (fraction B) is 
filtered off, redissolvod in nit ric acid, and again fused. The filtrate (fract ion A) is also boiled 
down and fused. The second series gives two filtrates and two precipitates. The filtrate 
from fraction B is mixed with the precipitate from fraction A, with the result that the second 
series contains threo fractions, etc. 

(v) Isolation of erbium. — Tho less basic fraction obtained from the purification 
of the yttria by the fused nitrate process, and the fourth fraction in the preliminary 
separation of the rare earth sulphates which are soluble in a sat. soln. of sodium 
sulphate, contain practically the whole of the erbia present in tho raw material. 
Some yttrium is present along with traces of scandium, thulium, and holmium. 
According to C. James, yttrium is best separated by fractionally decomposing the 
nitrate by fusion. Since erbium nitrate decomposes easily, the temp, is not raised 
quite so high as in the case of nearly pure yttrium. The least basic portion obtained 
after a large number of series, consists of erbium basic nitrate. During cone., the 
material rapidly becomes less, the erbium soln. becomes more rose coloured, and the 
absorption spectrum appears very intense. The yttrium concentrates in more basic 
fractions, which, when united, are worked up for yttria as described above. The best 
method for removing scandium is to crystallize the nitrates from nitric acid (fairly 
strong). Holmium and thulium are separated, if still found contaminating the 
material, by converting back to the bromate and employing fractional crystallization 
from water. This last method also causes yttrium to pass into the less soluble 
orystals. 

(vi) Isolation of thulium . — Thulium is so scarce that only small quantities can 
be obtained from large quantities of material. The most soluble portion obtained 
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in the preliminary fractionation of the yttria earths soluble in a sat. soln. of sodium 
sulphate is employed. This fraction contains thulium, ytterbium, lutecium, and 
ccltium, it shows the absorption bands of thulium, and mere traces of those of erbium. 
As a rule ytterbia largely predominates in this fraction. The thulium is separated 
by continuing the fractionation of the bromates at a temp, of about 16° ; at higher 
temp., the soln. employed are so cone, that they solidify on cooling. The soln. 
are very liable to supersaturation, and crystallization has to be started by seeding. 
C. James found that during the first few series, erbium rapidly separates in the least 
soluble portion, after which the other fraction^ become coloured greenish. As 
soon as the mother liquors fail to give any thulium absorption bands, when examined 
in a sat. soln. of about 10 cms., they are placed aside for the separation of ytterbium, 
etc. Thulium is found to collect in the fractions between erbium and ytterbium. 
The soln. become coloured a faint bluish-green and show a very intense absorption 
spectrum consisting of three bands. If very great care be taken, dil. alcohol can be 
used as solvent, for a short time— best towards the end of the work. However, it 
soon shows signs of being attacked by the bromate. 

(vii) Isolation of ytterbium and lutecium . — Those three elements are contained 
in the mother liquor remaining after the separation of thulium. This can be 
fractionated by continuing the bromate process, provided the soln. do not become 
basic. G. Urbain fractionated the nitrates from nitric acid. Lutecium is more 
soluble than ytterbium. Lutecium salts have not yet been obtained of even a 
moderate degree of purity. 
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§ 6. The Processes Employed in Resolving the Rare Earths into their 
Component Earths 

0. R. Bohm, in his Die Darstelluruj der seltenen Erden (Leipzig, 1905), reviews 
the methods which have been employed in resolving the rare earths into their com- 
ponents. He classifies these methods : I. Separation by fractional crystalliza- 
tion — A , simple salts ; B , complex salts. II. Separation by fractional precipitation 
— A, basic salts ; B , hydroxides and salts. III. Separation by oxidation processes — 
A , in the dry way ; B , in the wet way. IV. Separation by physical methods. 
The following outline is based on that of C. R. Bohm. 

Since fractional crystallization or precipitation usually involves the frequent 
repetition of the same operations, it is important to reduce the necessary operations 
to a minimum ; not only because of the need for economizing time, but also to 
lessen the risk of accidents and the frittering away of the material by small losses. 
Large quantities of materials have usually to be handled in the initial operations in 
order to^get relatively small amounts of the finished product. Expensive materials 
are often ruled out. Except in very special cases, it is well to avoid methods 
where troublesome precipitates have to be washed and ignited, or where tedious 
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evaporations have to be made. As C. James 1 has said: “ Fractional operations 
to be of value, must be very rapid.’ ' 

L Fractional crystallization,— Processes for the fractional crystallization of 
the rare earths are mainly dependent upon the fact that corresponding salts can 
form isomorphous or mixed crystals. The fractional crystallization of salts which 
are not isomorphous usually results in the separation of the least soluble or the most 
abundant component of the mixture ; but the members of an isomorphous scries 
of salts can usually bo separated in the order of their solubilities. According to 
G. Urbain and H. Lacombe, 2 the usual order of separation is : La, O, Pr, Nd, Sa, Ku, 
Gd, Tb, Dy, Ho, Y, Er, Tm, Yb, Lu, i.e. with the exception of yttrium in the 
order of increasing at. wt. This is generally assumed to be the order of the solu- 
bilities. C. James, however, has shown that this does not always follow, because 
praseodymium bromate is rather more soluble in water than yttrium bromate, and 
yet when the mixed bromates of yttrium, praseodymium, erbium, and thulium are 
fractionated, praseodymium bromate accumulates in advance of the yttrium salt. 
Usually lanthanum furnishes the least soluble salt of the series, but in some cases 
the order is changed and lanthanum furnishes the most soluble salt. If the salts 
be not all isomorphous and of the same type, it is easy to understand how fractional 
crystallization may alter the order of separation. Thus, the hromonitrobenzene* 
sulphonates studied by S. H. Katz and 
C. James, fall into three groups with 
different degrees of hydration, and each 
group has its own order of solubility as 
illustrated by Fig. 5. The order may be 
modified even in cases where the salts are 
isomorphous. Water is the most con- 
venient solvent. The salts should have 
a high solubility in the hot solvent, and 
separate on cooling in compact crystalline 
masses so that the only operations involved 
are the dissolution of the crystals, the 
concentration of the soln., and the decanta- 
tion of the mother liquors. The operations involved are outlined in connection 
with the extraction of radium chloride— 3. 26, *2. It is a matter of opinion 
whether some processes should be classed with fractional crystallization or with 
fractional precipitation. 

1. Fractional crystallization of the halides. — The action of alkali fluorides is 
described in connection with fractional precipitation — vide infra. 0. Baskerville 
and R. Stevenson 3 also fractionally precipitated the chlorides by saturating a soln. 
of the chlorides with hydrogen chloride. P. H. M. P. Brinton and 0. James obtained 
good results in the fractional crystallization of the rare earth chlorides from hydro- 
chloric acid (1:1). 

2. Fractional crystallization of the bromates.— C. James 4 and co-workcrs intro- 
duced a method for the separation of the yttria earths by the fractional crystalliza- 
tion of the bromates. The following method was recommended by C. James ; 

The rare earth material, generally in the form of the oxalates, is mixed into a paste with 
sulphuric acid and the temp, raised until the fumes of sulphuric acid cease to be evolved. 
The residue is then finely powdered, dissolved in ice-cold water, and the resulting soln. 
poured over an excess of barium bromate. This operation is best carried out in a large 
evaporating dish placed on the water-bath, care being taken to keep the mass well stirred. 
After a time the precipitate is allowed to settle and some of the clear liquid taken up by 
means of a pipette and added to a warm soln. of barium bromate ; if no precipitate is 
obtained the liquid is filtered off. Sometimes, however, a precipitate is formed which 
consists of barium bromate ; and, therefore, it is best to dilute with water and boil. If the 
precipitate persists, either more stirring or more barium bromate may be required. When 
the double decomposition is complete a little bromine is often liberated. This is evidently 
due to the fact that a small amount of bromic acid is formed by the action of a trace of free 
sulphuric acid accompanying the rare earth sulphates. The latter should, therefore, be 
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well ignited. The filtered liquid is evaporated until a drop, removed on the end of a glass 
rod, nearly solidifies when stirred on a watch-glass. Under these conditions just about half 
of the substance in soln. crystallizes out on cooling. After a little experience there is 
absolutely no difficulty in judging the most convenient concentration. If the fractionation 
is carried out in porcelain dishes a little water should be sprayed on the surface so as to 
prevent the top from solidifying to a crystalline mass. Very often, but usually when work- 
ing with small quantities, the liquid refuses to crystallize or else the crystals separate out 
as a fine feathery mass, so that it is quite impossible to pour off the mother liquor. If it 
does not crystallize, the best procedure is to add a trace of the solid, when the whole im- 
mediately solidifies, forming the feathery type of crystals as mentioned above. The mass is 
then carefully heated so as to dissolve all but a very little, which will start the crystallization 
as the liquid cools. An even better plan is to commence the operation by the addition of 
a crystal while the liquid is still quite hot. After about twenty crystallizations, the least 
soluble fraction is colourless and consists of the desired bromate with traces of dysprosium, 
samarium, holmium, and terbium ; the next fractions are yellow, and Bhow the spectral 
lines of dysprosium and holmium ; the next fractions are pink, and they show the erbium 
lines ; there is one fraction mainly thulium ; and finally, a very soluble fraction, chiefly 
ytterbium. 

The solubilities of the bromates increase in the following order : Sa, (Eu, Gd), Tb, Y, 
Dy, Ho, Er, Tm, Yb, similar to the order of the solubilities of the oxalates in 
ammonium oxalate. The order of separation with the bromates decreases with 
increasing at. wt. from lanthanum to europium, and thereafter increases with 
increasing at. wt. — confer Fig. 6 for the analogous behaviour of the nitrates.- By 
the bromate process, 0. James obtained thulium and yttrium bromates of a high 
degree of purity ; L. Jordan and B. S. Hopkins separated terbium from samarium 
and europium ; and H. C. Kremers and C. W. Balke, dysprosium and holmium 
from yttria earths. 

3. Fractional crystallization of the simple sulphates. — The method depends on 
tho fact that the sulphates of the rare earths are less soluble in hot water than in 
cold water, but to varying extents with the different earths. Consequently a sat. 
soln. of tho dihydrated sulphate, made in ice-cold water, furnishes crystals of one 
or more of the hydrates, M 2 (S0 4 )3.wH 2 0, as the temp, is raised to 30°— 40°. 
C. G. Mosander 6 used the process to separate lanthana and ceria, and didymia 
from lanthana, and it was used by J. C. G. de Marignac, M. Holzmann, C. Czud- 
nowicz, R. Bunsen, 0. Wolf, H. Robinson, P. Schiitzenbcrger, 0. Boudouard, 
R. H. F. Manaske, etc. W. Muthmann and H. Rolig employed it to separate praseo- 
dymium and neodymium. Thorium is easily freed from the rare earths by this 
method, although the ceria earths are not so readily freed from thorium. 

4. Fractional crystallization of the double sulphates. — Tho use of potassium and 
sodium sulphates as grouping agents for the rare earths has been described in 
previous sections. Nearly all investigators 6 on the rare earths have employed one 
or other of these agents ; for cerium, thorium, and zirconium salts give precipitates 
with potassium sulphate, and tho different solubilities of the double potassium 
sulphates is after used as a means of separating the rare earths from one another. 
The use of potassium sulphate in separating the ceria and yttria earths dates from 
M. H. Klaproth’s work on ochroite ; W. Hisinger and J. J. Berzelius worked simul- 
taneously and independently on the same subject, and J. J. Berzelius later made 
observations on zirconia and thoria. The rare earths form double sulphates with 
sodium sulphate, and those formed with the ceria earths are very sparingly soluble 
in a sat. soln. of alkali Bulphate. As indicated in the preceding section, sodium 
sulphate has been used by M. H. Klaproth, 0. J}rk, and many others. W. Gibbs, and 
C. H. Wing tried a number of sulphates other than those of the alkalies, and obtained 
the best results with luteocobaltio and roseocobaltic ammoniosulphates. The 
double sulphates are less soluble and crystallize better than those formed with the 
alkali sulphates. W. Gibbs found that the sulphates of the alkaloids offer no 
advantages. T. Scheerer, F. Wohler, R. Hermann, N. Engstrdm, L. F. Nilson, 
C. Schmidt, H. Rose, W. Gibbs, H. Btihrig, J. L. Smith, A. Loose, F. M. Stapff, 
R. Fresenius and E. Hintz, etc., utilized the solubility of the double alkali sulphates 
in dil. acids ; W. Hisinger and J. J. Berzelius, and R. J. Meyer and E. Marckwald, 
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a cone, nitric acid ; G. Urbain, L. M. Dennis and E. M. Chamot, W. Muthmann, 

I. Rdlig, and L. Stiitzel, in soln. of ammonium acetate. 

5. Fractional crystallization of the, ethykulphates — In 1898, G. Urbain 7 described 
, method for the separation of the yttria earths by the fractional crystallization 
>f the ethyl sulphates. The earths separate in the order terbia, yttria, holmia, 
lysprosia, erbia, and ytterbia. No free acid should be present, for ethylsulphuric 
tcid is then readily hydrolyzed. The solubilities of the ethylsulphates of the rare 
arths decrease with increasing at. wt. from lanthanum to neodymium and thereafter 
ucrease — confer Fig. 6 for the analogous behaviour of the nitrates. The application 
>f the process has been described in the previous section. By its means, G. Urbain 
;eparated dysprosium from a mixture of yttrium, terbium, and dysprosium. 

J. von Schecle separated lanthanum and praseodymium. K. A. Hofmann and 
J. Burger obtained erbium from an admixture of thulium, holimum, dysprosium, 
md erbium ; and H. 0. Kremers, 0. W. Hopkins, and E. W. Engle, dysprosium from 
i mixture of neodymium, praseodymium, and terbium, but it did not separate 
jatisfactorily holmiutn and dysprosium. W. Muthmann and E. Baur employed tho 
process for fractionating yttria earths. G. Urbain recommended separating the 
rare earths into three groups— ceria, terbia, and yttria earths — by means of the 
uthylsulphatc process in preference to the potassium sulphate process. 

6. Fractional crystallization of the nitrates. — In 1896, E. I)cmar 9 ay 8 separated 
gadolinium and samarium by crystallization of the nitrates from cone, nitric acid of 
sp. gr. 1*30 to 1*54 . The method gives good results 
with earths of at. wt. less than that of dysprosium 
( 162*5). This is due to the fact that the solubilities 
of the nitrates in nitric acid decrease with increasing 
at. wt. as shown diagramatically in Fig. 6, until 
gadolinium nitrate is reached, when after that, the 
solubilities increase with increasing at. wt. up to a 
maximum with ytterbium nitrate. E. Baur and 
R. Marc obtained good results with gadolinium and 
ytterbium; .1. Blumenfeld and G. Urbain obtained 
ytterbium of a high degree of purity after 4(KX) 
fractionations ; and with 15,000 fractionations of the 
ytterbium nitrate, G. llrbain separated it into lutecium and ytterbium, and from 
the mother liquor he obtained ccltium. K. Brockelmann obtained a didymium 
preparation which could not be fractionally crystallized by the usual methods, but 
with alcohol as solvent furnished scandium and yttrium. O. L. Barnebey fraction- 
ated the basic nitrates from acetone soln. and obtained cerium in tho first fraction, 
didymium in the last one. 

7. Fractional crystallization of the double nitrates.-- (i) The double ammonium 
nitrates , R(N 0 3 ) 3 . 2 NH 4 N 03 . 4 H 20 , were first used by D. I. Mendeleeff for the separa- 
tion of lanthanum and didymium ; and C. A. von Welsbach subsequently modified 
the process by orystallizing from nitric acid instead of from aq. soln. The method 
has been outlined in the previous section, and it has been extensively employed. 
0. James and others have used it in separating lanthanum and praseodymium ; 
M. Esposito, lanthanum, praseodymium, and neodymium, etc. C. von Schecle 
modified the process by using ceria as VbUmenl skparateur. 

(ii) 0. A. von Welsbach, and C. von Schecle tried substituting sodium nitrate 
for ammonium nitrate, for separating lanthanum and praseodymium from neo- 
dymium, but the double sodium nitrate method was not economical or efficient 
since the separation is too slow. 

(iii) E. Demar$ay employed a process based on the fractional crystallization of 
the denible magnesium nitrates, 2R(N03)3.3Mg(N0 3 )2.24H 2 0, from nitric acid ofr 
sp. gi. 1*3. The process has been described in the preceding section. According 
to W. Muthmann and L. Weiss,® with the yttria earths the separation from water 
is in the order : La, Pr Nd, Sa, Eu. Er, Gd, Y, and the remaining yttria earthl 
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G. P. Drossbach used the process for the separation of neodymium and praseo 
dymium ; W. Feit, for the separation of terbium from monazite ; and C. James, 
for the initial separation of the ceria earths, 

(iv) G. Urbain and H. Lacombe 10 employed a process based on the fractional 
crystallization of the double bismuth nitrates. The bismuth also acts as V element 
shparateur. The process has been outlined in the preceding section. G. Urbain 
and H. Lacombe applied the process to the separation of gadolinium from the yttria 
earths ; G, Urbain, to the separation of lanthanum and cerium from a mixture of 
ytterbium, lanthanum, lutecium, and cerium ; G. Urbain and H. Lacombe, C. James 
and J. E, Robinson, and G. Eberhard, to the preparation of europium ; and G. Urbain 
to the separation of terbium and gadolinium. 

(v) G. Urbain 11 fractionally crystallized the double nickel nitrates, 
2R(N0 3 )3.3Ni(N03)2.24H 2 0, in order to separate traces of europium and terbium 
from gadolinium as indicated in the preceding section. When the soln. of the 
mixed earths is treated with nickel nitrate, the nickel gadolinium salt separates in a 
high degree of purity. The continued fractionation of the mother liquid furnishes 
terbium also of a high degree of purity. 

(vi) H. Lacombe, 12 and C. James found that when the double manganese nitrates , 
2R(N0 3 )3.3Mn(N03)2.24H 2 0, are fractionally crystallized a good separation of 
neodymium and praseodymium from each other, and from lanthanum and samarium, 
is obtained, and this more quickly than with E. Demar^ay’s process— w'de supra. 
The fractionation is best carried out in nitric acid of sp. gr. P3 ; the volume of the 
mother liquid should be maintained almost constant, and be very small in com* 
parison with the bulk of crystalline matter separated. The formation of crystals 
may bo initiated by a nucleus of the isomorphous bismuth manganese nitrate. 
C. James also recommended the process for the separation of neodymium and 
praseodymium. 

8. Fractional crystallization of the formates.— Like the double potassium sulphates, 
the formates serve for separating the terbia earths. The formates of the ceria earths 
are much less soluble than those of the yttria earths. P. T. Cleve 18 gave 1 : 421 for 
the solubility of lanthanum formate in water ; 1 : 360 for cerium formate ; and 
1 : 220 for didymium formate— J. 0. G. de Marignac. gave between 1 : 128 and 1 : 160 
for the latter. According to B. Brauner, when a soln. of the rare earth formates 
is evaporated, the formates of the ceria earths separate first, then follow those of the 
terbia oarths, while those of the yttria earths remain in soln. M. Delafontaine 
applied the method to the terbia earths and obtained philippia from the mother 
liquor. G. Urbain separated neodymium and praseodymium formates ; A. Betten- 
dorff separated the yttria earths into thre'e groups ; and J. Sterba-Bohm removed 
the last traces of ytterbium from scandium by the fractional crystallization of the 
formates. G. Urbain showed that philippia is a mixture of terbia and yttria which 
cannot be completely separated as formates — vide fractional precipitation. 

9. Fractional crystallization of the acetates.— N. J. Berlin 14 observed that by the 
repeated crystallization of the so-called yttrium acetate, the rose-coloured crystals 
became colourless. J. F. Bahr and R. Bunsen also found that by the fractional 
crystallization of the acetates of erbium and yttrium the first crop of crystals was 
richer in erbium than the later crops. 0, Popp, M. Delafontaine, G. Benedicks, 
and others made observations on this subject. The yttrium acetates are less soluble 
than those of the cerium group. K. T. Postius separated mixtures of yttria and 
•terbia earths by the fractional crystallization of the acetates. 

10. Fractional crystallization of the acetylacetonates.—G. Urbain 15 showed that 
the acetylacetonates of the rare earths, RfCH^OOCHj)^, crystallize well, and he 
applied the fact to the purification of thoria. The mixed hydroxides were first 
dissolved in nitric acid, and the soln. evaporated to dryness on a water-bath, the 
residue was dissolved in water, and treated with sodium acetylacetonate, and again 
evaporated to dryness. The residue, crystallized from its soln. in chloroform, 
fdrniahed thoria of a high degree of purity. G. Urbain also fractionated the rare 
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E ths from monazite by this process using absolute alcohol as solvent. K. A. Hof- 
nn likewise separated erbium from holmium and dysprosium ; and R. J. Moyer 
1 A. H. Winter, scandium from the Fare earths in wolframite. 

\ U. Fractional crystallization of the dimethy l phosphates.— J . C. Morgan and 
C. James 16 found that with dimethylphosphoric acid the rate of separation of the rare 
earths is vastly greater than with that of practically all the methods given up to the 
present time. Lanthanum, cerium, praseodymium, neodymium are left at once in 
the mother liquor. Samarium, europium, and gadolinium are much less soluble than 
those previously mentioned, while they are more soluble than terbium, dysprosium, 
and holmium. Erbium, thulium, yttrium,’ ytterbium, etc., collect in the least 
soluble portions. Since the solubilities of these compounds are the reverse of the 
usual type, they may be used for the rapid purification of many of the rare earths. 
For instance, we can easily remove traces of neodymium from samarium by this 
means, as the samarium dimethyl phosphate separates before the neodymium 
compound. It is necessary to state that there is some inconvenience when working 
with the salts of dimethyl phosphoric acid, since they undergo a very gradual 
decomposition. A gelatinous precipitate is formed, very slowly, in the case of the 
rare earths, which filters with difficulty. 

12. Fractional crystallization of the picrates. — L. M. Dennis 17 and co-workers 
recommend crystallization from a hot soln. of the hydroxides in picric acid for 
separating erbia and holmia from the didymia and yttria earths previously freed 
from ceria and thoria. It is also said to be an “ excellent means of effecting a rapid 
concentration of praseodymium and neodymium practically free from erbium and 
holmium, and the concentration of erbium and holmium with but a relatively small 
amount of the members of the didymium group.” P. S. Willaiul and C. James 
found that for the separation of erbia from yttria, the method does not compare 
favourably with other processes. 

13. Fractional crystallization of the n\-ni(robenzcncsulphonatcs. — 0. Holmberg 18 
found that the m-nitrobenzenesulphonates of the cerium earths crystallize very well, 
and he successfully separated and purified neodymium as m-nitrobcnzenesulphonate. 
C. Gamier also found this a speedy method for separating neodymium from 
mixtures with samarium and praseodymium. P. S. Willand and C. James tried the 
diphenylmonosulphonates for separating erbia from yttria, but no special advantages 
were observed. 

14. Fractional crystallization of snip kani lutes. — L. StUtzel 10 separated neo- 
dymium from praseodymium by the fractional crystallization of soln. of the oxides 
in sulphanilic acid. K. T. Postius also removed the last traces of didymia from 
erbia by this means. This method has nothing to recommend it in preference to 
other more efficacious processes. 

n. Separation by fractional precipitation. -In these methods the mixed earths 
are dissolved and then gradually concentrated by precipitation in stages as indicated 
in the preceding section. 

1. Fractional precipitation by ammonia. — The method was employed by 
J. J. Berzelius, 20 C. G. Mosander, M. Delafontaine, 0. Popp, P. T. Cleve,.W. Crookes, 
B. Brauner, L. de Boisbaudran, etc. — vide supra. K. A. Hofmann and 0. Burger used 
the same method for removing traces of thulium, holmium, and dysprosium from 
erbium. Ammonia effects a separation strictly in the order of the basicity of the 
bases. Starting with the weakest, i.e. the base first to be precipitated, the order is 
Zr, Th, Ce (ous), Sc, Yb, Tm, Er, Ho, Dy, Tb, Y, Sa, Gd, Nd, Pr, Ce (ic), La. There 
are, however, considerable differences of opinion in detail. R. Marc, P. Truchot, 
L. de Boisbaudran, A. Bettendorff, C. Benedicks, K. T. Postius, C. G. Mosander, 
G. Krii88 and K. A. Hofmann, A. Loose, R. Hermann, G. Urbain, and W. Muthmaim 
and co-workers give a different order. W. A. A. Prandtl and J. Rauchenbergftr 
show that the reaction RGl 3 -f3NH 3 -f3H 2 O^R(OH) 3 -f3NH 4 Cl is reversible. 
W. A. A. Prandtl and co-workers examined the effect of cadmium and cobalt on the 
basic precipitation. 

VOL. v. 2 o 
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2. Fractional precipitation by alkali hydroxides. —The main features of the 
process are the same as those with the ammonia precipitation. A dil. soln. of sodium 
hydroxide was found by G. P. Drossbach 21 to give good results in separating 
didymium from lanthanum, and in fractionating a mixture of the erbia earths 
which had been previously treated by the magnesia process. B. Brauner and 

F. Pavlicek used it for purifying lanthanum earths, and H. Behrens, for cerium 
earths. 

3, Fractional precipitation by organic bases. — In this connection aniline has been 
used more than the other organic bases. In applying the process, a neutral soln. of 
the chlorides in 50 per cent, alcohol, at say 90°, is treated with a 2 per cent. soln. 
of aniline in 50 per cent, alcohol. The method was used by K. A. Hofmann and 
0. Burger 22 for separating holmium, thulium, and dysprosium from erbium; by 

G. Krliss for fractionating holmia earths ; and by A. Kolb for purifying thoria. 

A. Loose tested didymium for homogeneity by fractional precipitation with aniline. 
A number of other bases — o-toluidine, xylidine, dimethylaniline, diethylaniline, 
benzylamine , pyridine , quinoline , piperidine, phenylhydrazine , dimethylamine, tri 
ethylamine , diphenylamine , naphthylamine, m-chloro-aniline , benzidine, picoline, etc.— 
have been tried by A. McM. Jefferson, B. L. Hartwell, G. Kriiss and co-workers, 
and K. A. Hofmann. Some might give good results in special separations. 

With respect to cerium, lanthanum, neodymium, praseodymium, thorium and zirconium, 

B. U Hartwell found (i) benzylaniline, dimethylnitrosamine, dipropylnitrosamine , o-, m* and 
p-nitroaniline, p- nitrophenylhydrazine , o-chloro-aniline, piperidine, succinimide, and tetra- 
nitromethylamine precipitated none of the six bases from their soln. ; (ii) Allylamine, benzyl- 
methylamine, bomylamine, earnphylamine , diamylamine , dibenzylamine, diethylamine, 
dimethylamine, dipropylamine , ethylenediamine, heptylamine, hexylamine, isobutylamine, iso- 
tributylamine, isodibutylamine, monoamylamine , monoethylamine, nurnomethylarnine, mono- 
propylamine, neurine, normal butylamine, normal dibutylamine, propylenediamine, tetraethyl- 
ammonium hydroxide, tetramethylammonium hydroxide, triethylamine, trimethylamine, tri- 
propylumine , give precipitates with salts of all six earths ; and benzidine, m-bromo-aniline, 
p-hromo-aniline, p-bromo-phenylhydrazine, p-chloro-aniline, isoquinoline, a-picoline, p-tolui- 
dint, m-toluylenediamine, tribenzylamine, give precipitates only with thorium and zirconium 
salts. The chloro-anilines and hexamethylene-tetramine appeared the most suitable of the 
bases tried for the separation of thorium from zirconium, whilst p-toluidine gave promising 
results in the separation of zirconium and thorium from lanthanum, neodymium, and 
praseodymium. J. Koppel as dissolved a mixture of rare earths in a soln. of hydrogen 
chloride in methyl alcohol, and added pyridine. Crystals of cerium pyridine chloride, 
(C 5 H 5 NH)aCeCl 8 , separate, and they can bo purified by recrystallization from a mixture of 
aloohol anu ether. 


4. Fractional precipilation by magnesia. — C. Czudnowicz 24 tried to fractionate 
the ceria earths by boiling the nitrate with magnesia. G. P. Drossbach suggested 
using magnesia in place of ammonia or alkali hydroxide, and he found that the 
earths are precipitated in the order of their different basicities. Magnesia is I 
gradually added to a boiling soln. of the nitrates, until the filtrate no longejr# 
shows the spectral bands of didymium. W. Muthmann and H. Rjjliftg , ''thu8 
separated lanthanum from didymium in a single oper at i on, bpt thaT y^hTwas poor. 
The precipitation can be conducted in a 8 t a gcs whereby the least basic 

element will be found in the first fr^^ g and the m l 8t basic element in the last 
fraction. G. P. Drossbach sepaj}™ d vttria from the vttria earths by this process. 

6. Fractional ^ * oxld e.-L. de Boisbaudran » claimed to 

separate thoria from Wi^ hcr rare cart.ha by the following process : 

reread' i^ipitated Jboria 


r* oie-Utions of the process. — ». . , 

?*por v Drossbach, P. SchUtzenberger and O. Boudouard, and G. Urbam e^rnmed 
to Ueptocesa. The latter found that cuprous oxide doe* not precipitate all the 
from the soln. 
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6. Fractional precipitation by basic oxides . — C. A. von Welabach M devised an 
important process — Wdsbach's basic oxide process — in which the oxides of the rare 
earths themselves act as basic oxide, like the magnesia in the above-described 
process, and so hasten the formation of sparingly soluble basic salts of elements of 
weakened basicity. The process differs in details according to the particular 
mixture employed. For the mixed ceria and yttria earthB, the process is conducted 
as follows : 

Dissolve, say, 100 grms. of the mixed ceria and yttria earth oxides in the minimum 
quantity of nitric acid for dissolution ; and add gradually a pAste made from another 
100 grms. of the same oxides. Care must be taken that at no point is all the oxide dw* 
solved. The soln. should have a syrupy consistency and contain some undissolved oxide ; 
it also becomes hot owing to chemical action. On cooling, most of the yttrium and erlnum 
will be found as basic nitrate in the crystalline precipitate. Enough nitric acid is added 
to change the colour of the soln. red, and to dissolve all the residual oxide and carbonate. 
The basic nitrates are insoluble. A rose-coloured precipitate forms in a few hours, and 
sets to a hard mass. The mother liquid is decanted off, and the residue extracted with 
alcohol to remove normal nitrates from the basic nitrates containing theerbia group, 
scandia, and some yttorbia ; the soln. contains nitrates of yttrium and ceria earths. The 
ceria can be removed by the basic nitrate process. Tho separation of the yttria oarths 
can be continued by repeating the process. 

G. P. Drossbach used the process for the yttria earths; P. Schottlauder for the 
ceria earths; and G. P. Drossbach, H. Behrens, W. Muthmann and L. Weiss, 
P. Schottliinder, and C. R. Bohin for separating lanthana and didymia. It has Mso 
been described in the preceding section. 

7. Fractional precipitation by alkali azides. — L. M. Dennis 27 and co-workers 
added a 0*3 per cent. soln. of potassium or sodium azide to a cold soln. of earth 
containing thoria, and on boiling found thoria to be precipitated as hydroxide : 
Th(N0 3 ) 4 f 4NaN 3 -{- 4H 2 0-Th(01I) 4 +4NaN0 3 -f 4HN 8 ; but G. N. Wyrouboff and 
A. Verne uil did not get the same results. 

8. Fractional precipitation by sulphurous acid or sulphites. M. H. Klaproth, 28 
and N. J. Berlin utilized the fact in analytical work that sulphurous acid or soluble 
sulphites give precipitates with some metal salt soln., and P. Berthier first applied 
the reaction to salts of the rare earths. When a sat. soln. of sodium sulphite is 
added to neutral soln. of rare earths and thoria, the ceria and yttria earths are 
precipitated, but thoria remains in soln. ; on the contrary, sodium hydroBulphite 
precipitates thoria from a cold soln., but does not precipitate the ceria earths. 
J. P. Bonardi and 0. James precipitated the yttria earths from boiling soln. mixed 
with potassium sulphite. The reactions have been utilized by 11. Grossmann, and 
A. Batek for purifying thoria, and separating thoria from ceria earths. The reaction 
has also been applied by R. Hermann, W. Henneberg, 0. Krk, C. Baskerville, 
W. Buddaus and co-workers, H. Geisow and P. Horkheimer, and R. Chavastelon. 

9. Fractional precipitation by sodium thiosulphate. — N. J. Berlin 2 ® found that 
the yttria earths are not precipitated from their soln. by sodium thiosulphate ; 
F. Chancel, R. Hermann, F. Stromeyer, M. Weibull, K. Rordam, and P. T. Clcve 
found that zirconia is precipitated under these conditions ; and W. C. Brogger, and 

O. Boudouard used the process to separate zirconium from titanium. J. J. Chydenius 
found that when a soln. of sodium thiosulphate is added to a soln. of the rare earths, 
thorium thiosulphate is precipitated when the soln. is boiled, while the rare earths 
remain in soln. W. Crookes noted that some yttria is carried down with the pre- 
cipitate. P. T. Cleve found that scandia is readily but not completely precipitated 
under these conditions ; samaria is not precipitated. R. Bunsen, and G. Urbaiu 
have utilized the reaction to separate thoria from the rare earths vxde supra, 

P. H. M. P. Brinton and C. James did not recommend the basic thiosulphate process 

for the separation of the erbia earths. t 

10. Fractional precipitation as fluorides or fluosilicates.-~o . J. Berzelius, 80 and 
J. J. Chydenius noted that the addition of hydrofluoric acid or of normal or acid 
alkali fluorides to thorium salts gives a gelatinous precipitate of thorium fluoride. 
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The precipitation is almost quantitative. J. J. Chydenius, and A. Rosenheim and 
co-workers studied zirconium fluoride. While the rare earth fluorides are insoluble 
in an excess of hydrofluoric acid or soln. of alkali fluorides, zirconium fluoride is 
readily soluble under these conditions. When hydrofluoric acid or potassium 
fluoride is added to a soln. of salts of the rare earths containing zirconium and 
titanium the fluorides of these elements are all precipitated ; and when fused with 
potassium hydrofluoride, and the cold cake extracted with water, the zirconium 
and titanium are dissolved while the rare earth fluorides remain as a residue. The 
solubility of the rare earth fluorides in a large excess of cone, acid increases with the 
electropositive character of this metal, the fluorides of the more negative elements 
being least soluble. Hence, thoria and scandia may be cone, to a large extent by 
repeated precipitation with hydrofluoric acid in acid soln. Ab shown by F. Stolba, 
the fluosilicates of the rare earths form gelatinous precipitates when hydrofluosilicic 
acid or alkali fluosilicate is added to a boiling neutral soln. of the rare tfarth salt. 
In the presence of mineral acids, the precipitation does not occur in the cold. The 
cerium fluosilicate is hydrolyzed to the fluoride ; tho yttrium elements are held in 
soln. by the mineral acid ; the scandium salt is precipitated. It. J. Meyer used this 
process for separating scandia from the rare earths— vide scandium. J. Sterla- 
Bdhm used ammonium fluoride to separate scandia from the hydrochloric acid soln. 
of wolframite residues. 

Jll. Fractional precipitation of the chlorides and oxychlorides. — J. J. Berzelius 31 
noted the hydrolysis of a soln. of zirconium chloride, and on boiling a basic chloride 
was precipitated. G. H. Bailey separated iron from zirconium by boiling the mixed 
chlorides; zirconium oxychloride is precipitated and the iron remains in soln. 
G. Krttss and L. F. Nilson, F. P. Yenable, (). Hauser, and J. M. Matthews also 
studied the reaction with zirconium. G. P. Drossbach dissolved the mixed erbia 
and yttria earths in hydrochloric acid, and added more of the mixed oxides until 
the soln. showed no more erbium spectral bands. The mixture was heated some 
hours on a water-bath, mixed with a large proportion of boiling water, and allowed 
to settle. The precipitate contained all the erbia, and it was repeatedly boiled with 
a soln. of ammonium chloride to remove traces of entrained yttrium. The same 
method was used for separating praseodymium and neodymium. J. C. G. de 
Marignac found that when a mixture of the lanthanum, didymium, etc., chlorides 
is heated some of the oarths form oxychlorides, others not. When the residue is 
treated with water, the earths can be separated. P. H. M. P. Brinton and 0. James 
did not recommend the basic chloride process for the separation of the erbia earths. 
M. Fronstein and J. Mai used the process for the initial separation of the monazite 
earths. The process has been modified by H. Behrens, F. Frerichs, etc. 
C. James and co-workers tried the process for the separation of erbia from yttria 
earths. C. Baskcrville and R. Stevenson fractionally precipitated neodymium and 
lanthanum by passing hydrogen chloride into the soln. W. Gibbs tried bromides 
in place of chlorides. 

12. Fractional precipitation udth iodates.— N. J. Berlin 32 observed that yttria 
oarths are precipitated as an amorphous white powder by alkali iodates; and* 
P. T. Olevo noted that zirconium and thorium are likewise precipitated quantitatively 
as iodates under similar conditions. When calcined, the iodates pass into oxides. 
R. J. Meyer and J. Wuorinen, and H. C. Holden and C. James found that on the 
addition of a soln. of potassium iodate, drop by drop, to a hot soln. of the nitrates, 
acidified with nitric acid, yttrium iodate is precipitated last ; and when iodic acid is 
added to a soln. of scandium and thorium salts, most of the thorium is precipitated, 
while the scandium remains in soln. 

13. Fractional precipitation by ammonium or alkali carbonates. — In 1802, 
M. H. Klaproth 33 showed that white yttria earths are precipitated from soln. of 
their salts by potassium, sodium, or ammonium carbonate, and the precipitate is 
soluble in an excess of the reagent. The precipitate with dil. soln. of carbonate is a 
simple rare earth carbonate, but with a cone, soln., a double carbonate is produced : 
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K 2 C 03 .R 2 (C 0 8 )s. 12 H 20 ; ^Na2CO3.R2(COg)3.(20-24)HoO ; (NR^jjCOs.R^fCOj)^. 

(4-6)H 2 0. The potassium salt is the most soluble in water. The double carbonates 
of the cerium group are least soluble, those of the yttrium group come next, and the 
double thorium carbonate is most soluble. R. J. Meyer used the reactions for 
separating lanthanum and praseodymium ; A. Damour, for separating thoria from 
the ceria earths ; and R. J. Meyer and A. H. Winter, for separating scandia and 
thoria. ^ 

14. Fractional precipitation with barium carbonate . — According to J. C. G. do 
Marignac, when barium carbonate is added to a soln. of thoria and the rare earths, 
thoria and ceria earths are precipitated, but not the yttria earths. 0. Popp, C. Erk, 
and C. Schmidt applied the reaction to the separation of these earths. 

15. Fractional precipitation by chromic acid or the chromates. — N. J. Berlin 84 
observed that a doln. of yttrium chromate dissolves yttria, forming a basic salt. 
M. M. Pattinson and J. Clark heated a mixture of ceria earth chromates to 110°, 
and found that the cerium chromate becomes insoluble, while the congener eaiths 
are not changed. A. Brauell, and L. M. Dennis and B. Dales founded analytical 
methods on the reaction. G. Kriiss and A. Loose, and W. Muthmann and C. R. Bohm 
found that potassium chromate precipitates the ceria earths in the order : La, Pr, 
Nd, and Sm ; and the yttria earths in the order : Tb, Yb, Er, Y, and Gd. J. E. Egan 
and C. W. Balke separated yttria from terbia and gadolinia by this method, but 
B. S. Hopkins and C. W. Balke found that erbia and holmia cannot be completely 
separated from yttria by the chromate method, but the other yttria earths can be 
separated. According to C. James, the method is valuable for rapidly preparing 
yttria of a high degree of purity from the crude yttria earths freed from ceria earths 
and terbia — vide supra. 

16. Fractional decomposition of the carbides. — H. Moissan 35 found that the 
carbides of zirconium, iron, etc., are not decomposed by water, while the carbides of 
thorium, the rare earth metals, calcium, etc., arc decomposed by water. They are 
made by heating the metal oxides with carbon in the electric arc furnace. When 
the finely powdered carbides of the ceria earths arc treated with very dil. nitric acid, 
and the soln. evaporated to dryness, and ignited, white cerium oxide is said to bo 
formed, B. Brauner showed that the white colour may be taken to indicate that 
much thoria was present. H. Moissan and F. Lengfeld converted zircon into a 
form susceptible to attack by acids by converting it into carbide ; and W. Muthmann 
and co-workers treated monazite in a similar way. 

1 7. Fractional precipitation with potassium ferrocyanide. — N. J. Berlin 80 obtained 
a white precipitate by the addition of potassium ferrocyanide to a soln. of yttria 
earths ; L. T. Lange, A. Brauell, and P. T. Cleve obtained a non-crystalline pre- 
cipitate with soln. of salts of ceria earths, and with thorium ; and H. Rose, H. Sjfigren, 
and R. Hornberger obtained precipitates with soln. of zirconium salts. H. A. Row- 
land, H. Behrens, W. Crookes, A. Bettendorf, etc., recommended fractionally pre- 
cipitating a neutral soln. of the mixed earths by means of a sat. soln. of potassium 
ferrocyanide, so as finally to concentrate all the erbium in the first fraction. 
P. S. Willand and C. James tried potassium ferrocyanide for the separation of erbia 
from yttria earths. J. P. Bonardi and C. James effected a rapid separation of 
yttrium from yttria earths by precipitation with potassium cobalt icy anide. They 
say that the method is without doubt one of the most rapid known. P. S. Willand 
and C. James also tried the same reagent for the separation of erbia from yttria 
earths. 

18. Fractional precipitation as basic nitrates and sulphates.— C. G. Mosander 87 
found that when ceric sulphate is largely diluted with water, a yellow basic salt 
is deposited, owing to the hydrolysis of the ceria salt. R. Hermann applied the 
reaction to the purification of ceria. According to the former, the mixed oxides 
are digested with cone, nitric acid, and the insoluble portion is dissolved in cone, 
sulphuric acid. An excess of acid is avoided. The two soln. are mixed, largtly 
^diluted with water, and boiled— basic ceric sulphate is precipitated. The washed 
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precipitate is redissolved in sulphuric acid, and reprecipitated. B. Brauner pre- 
ferred tfo work wholly with nitric acid because an excess is not so harmful as is the 
case with sulphuric acid, since ceric nitrate is more easily converted into the basic salt 
than is the case with ceric sulphate. C. G. Mosander’s method of purifying ceria 
waB for a long time considered the best ; it was employed by M. Holzmann, 

C, F. Rammelsberg, C. Czudnowicz, R. Hermann, T. Lange, C. Wolf, C. H. Wing, 

( C. Erk, H. Bulirig, R. Bunsen, J. C. G. de Marignac, etc. The properties of the 
* Salt have been studied by B. Brauner and co-workers, R. J. Meyer and co-workers, 
W. Muthmann and H. Rolig, etc. The formation of a basic zirconium sulphate 
was observed by J. J. Berzelius, H. Endemann, 8. R. Paykull, 0. Hauser, etc. 

R. Bunsen evaporated a nitric acid soln. of the mixed earths to a syrupy con- 
sistency and poured the product into a large vol. of water slightly acidified with 
nitric acid, the precipitate of basic ceric nitrate was washed andxlried. B. Brauner 
said the ceria formed by the ignition of the basic nitrate is practically pure, but 
H*#Behrcns stated that it contains both neodymium and samarium. The basic 
ceric nitrate process has been used by R. Hermann, C. Czudnowicz, C. F. Rammels- 
berg, H. Zschiesche, G. Kriiss and L. F. Nilson, G. P. Drossbach, R. J. Meyer, 
W. N. Hartley, H. Robinson, etc. The process of G. N. Wyrouboff and A. Verneuil, 
and J. Sterba is as follows : 

The mixed oxides are gradually added to about four times their weight of cold, cone, 
nitric acid, and warmed to 60"- 60® towards the end of the operation. The dark red soln. 
is allowed to stand for 24 hrs. ; decanted from any insoluble residue ; and evaporated on 
a water-bath until the syrupy liquid solidifies on cooling. The product is dissolved in 
an amount of water equal to 10-30 times the weight of tho oxides used ; a gram of * 
ammonium chloride per litre of liquid is added, and the soln. boiled for a quarter of an hour. 
The pale, greenish-yellow precipitate so obtained is a mixture of basic ceric nitrate and 
•ulphato. The precipitate is washed in a dil. soln. of ammonium nitrate and sulphate. 
The precipitate contains nearly all the cerium, but a little may still l>e present in 
the filtrate. This can l>e removed by the hydrogen dioxide or by the ammonium sulphate 
process described below. J. Sterba modified the method by oxidizing tho ccrous nitrate 
to cerio nitrate by means of a current of about 0‘7 amp. and 2 volts, the liquid containing 
about 1 per cent, of nitric acid. Tho ceric oxide is precipitated with ammonia and a small 
quantity of ammonium sulphate,, and tho preeipitato washed with water containing 6 
per cent, of ammonium nitrate and 1 por cent, of ammonium sulphate. Tho process is 
repeated until tho substance shows no absorption spectrum of impurities. 

N. J. Berlin found that the nitrates of the different rare earths decompose at 
different temp., and the work of J. C. G. de Marignac, P. T. Cleve, L. F. Nilson, 

G. Kriiss, 0. Boudouard, G. and E. Urbain, etc., has shown that the order of decom- 
position is the same as the order of their basicity ; and, commencing with the least 
basic and most readily decomposed, this order is : Zr, Th, Ce (ic), Sc, Yb, Tm, Er, 
Ho, Tb, Sa, Gd, Nd, Pr, La. The mixture of nitrates is ignited at a relatively low 
temp., cooled, and extracted with hot water ; the nitrate decomposed to form a 
basic nitrate remains undissolved. The filtrate is evaporated to dryness, and the 
operation repeated. Details are described in the preceding section. The method 
has been very frequently employed. By this process, A. Bettendorf, and A. Damour 
and H. St. C. Deville separated lanthanum and didymium ; and J. C. G. de Marignac 
was led to the discovery of ytterbium ; and L. F. Nilson, to that of scandium. 

H, C. Krcmers and C. W. Balke found that holmium and yttrium cannot be separated, 
but if samarium be present, the separation is easy and rapid. This is the so-called 
basic nitrate process. P. H. M. P. Brinton and C. James obtained good results by 
this process in separating the erbia earths. 

H. Debray 8 ® fused the mixed earths with 8 to 10 times their weight of potassium 
nitrate at 300°-350° for some hours ; the cerium nitrate was alone decomposed, and 
on extraction with water remains insoluble, while lanthanum and didymium nitrates 
pass into soln. This is the so-called Debray's basic nitrate process. L. M. Dennis 
and W. H. Magee showed that the temp, of fusion of the nitrate used by H. Debray, 
viz. 325°, is so near the decomposition temp, of didymium nitrate (300°) that the 
basio cerium nitrate is contaminated with basic didymium. nitrate. They preferred 



567 


THE RARE EARTHS 

to work with an equimolar mixture of sodium and potassium nitrates, fusing at 231°, 
and so bring the m.p. above the decomposition temp, of cerium nitrate, 200 c , 
and below that of didymium nitrate. 

19. Fractional precipitation with alkali nitrate s. — The alkali nitrates were found 
by H. Erdmann, 40 and L. Pissarjewsky to precipitate thorium hydroxide from soln/ 
ofits salts ; and with neutral soln. of zirconium salts, the precipitation of zirconium 
hydroxide is complete. G. Krtiss and A. Loose found that the reaction with tho 
rare earths is not suited for the separation of ytteria and ceria earths. C. James and 
co-workers found that if the yttria earths be dissolved in nitric acid, diluted, boiled, 
and mixed with a boiling soln. of sodium nitrite, the yttrium concentrates in the 
later fractions, and the isolation of yttria is effective and rapid if terbium be absent. 
B. S. Hopkins and C. W. Balke also found that yttria is rapidly separated from 
holmium and erbfhm earths by this process. K. A. Hofmann and 0. Burger 
evaporated to dryness a soln. of sodium nitrite with thulmium, holmium. 
dysprosium, and erbium nitrates. When tho dry residue was extracted with w$ter 
most of the erbium oxide remained insoluble. 

20. Fractional precipitation by the acids of phosphorus, arsenic, and vanadium , — 
W. Hisinger and J. J. Berzelius, 41 and J. C. G. de Marignac found that phosphoric 
acid precipitated the ceria earth phosphates from soln. of the salts ; L. N. Vauquelin, 
and R. Hermann, that it precipitates zirconium and thorium phosphates ; but, 
according to L. N. Vauquelin, yttria earth phosphates are not precipitated under 
like conditions. V. T. Cleve, G. Wyrouboff and A. Verneuil, and 0. Volck found 
that with thorium salts the precipitation by orthophosphoric acid iB quantitative. 

L. N. Vauquelin showed that all the rare earths are precipitated by sodium 
phosphate ; and, added A. Loose, secondary sodium phosphate precipitates the 
primary phosphate of yttrium. H. C. Holden and C. James tried fractionally 
precipitating the yttria earths with ammonium phosphate, monomethylphosphate, 
and dimethylphosphate. P. S. Willand and C. .lames tried sodium phosphate, for 
the separation of erbia from yttria earths. J. C. Morgan and 0. James found the 
solubilities of the dimethylphosphates expressed in parts of salt per 100 parts of 
water at 25°, to be : 

La Co l'r Nd Sa (id V Kr Yb 

103-7 70 0 04 1 501 352 23 0 2 8 1 * 78 . 12 

The subject was also investigated by L. .Iordan and B. S. Hopkins. 1\ T. Clove 
showed that pyrophosphoric acid gives a voluminous precipitate with soln. of thorium 
salts. A. Rosenheim and T. Triantaphyllides found that both cerium and thorium 
pyrophosphates are precipitated by sodium pyrophosphate, but the former is alone 
dissolved by hydrochloric acid. O. Kauffmann noted that thorium salts arc pre- 
cipitated by hypophosphorous acid. F. Wirth found that when this acid or sodium 
hypophosphite is added to a soln. of the rare earths in hydrochloric acid, thoria is 
alone precipitated as hypophosphite. With soln. of the earths in sulphuric acid 
sodium cerium earth sulphates are precipitated as well. This is avoided by pre- 
paring the hypophosphoric acid in soln. either by the oxidation of yellow phosphorus, 
or by the anodic oxidation of copper phosphide. 0. Kauffmann obtained a white 
precipitate by treating thorium salts with phosphorus or hyphosphorous add. 
H. C. Holden and C. James tried fractionally precipitating the yttria earths with ■ 
sodium phosphite, and with sodium hypophosphite. 

21. Fractional precipitation with arsenates and vanadates— W. Hisinger and 
J. J. Berzelius 42 obtained no precipitate by adding arsenic acid to soln. of ceria 
earth salts, but J. C. G. de Marignac found that when arsenic acid is boiled with 
didymium salts a precipitate is produced which does not dissolve readily in acids. 

M. H. Klaproth, and N. J. Berlin found that potassium arsenate gives an insoluble 
gelatinous precipitate with yttria earths. J. J. Berzelius obtained a similar pre- 
cipitate with thorium salts. G. Kriiss and A. Loose separated samarium, lanthanum, 
and didymium salts frqpi scandium, ytterbium, erbium, and terbium salts by 
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fractional precipitation with this reagent ; and H. C. Holden and C. James tried 
Bodium arsenate as a fractional precipitant for the yttria earths. G. Kriiss and 
A. Loose obtained poor results with potassium arsenite. 

J. J. Berzelius noted that neutral alkali vanadates give a precipitate with soln. 
of the yttria earths while acid vanadates give no precipitation ; neither neutral 
nor acid vanadates give a precipitate with zirconium salts ; and thorium salts behave 
like the yttrium salts. 0. Volck found thorium salts are quantitatively precipi- 
tated by salts of metavanadic acid. 

22. Fractional precipitation with tungstates and molybdates. — N. J. Berlin 43 
found that sodium tungstate with soln. of yttria earths gives a white sparingly 
soluble precipitate ; F. Frerichs and F. Smith, A. Cossa, M. Zechini, and 

F. R. M. Hitchcock obtained similar results with cerium, lanthanum, neodymium 
and praseodymium salts. J. J. Berzelius found thorium salts behave similarly, 
while zirconium hydroxide dissolves in a boiling soln. of potassium paratungstate. 
W. Gibbs stated, that the precipitates given by soln. of the rare earth salts with 
phosphotungstic acid are probably simple tungstates. J. P. Bonardi and C. James 
obtained poor results in trying sodium tungstate for separating the yttria earths. 

N. J. Berlin found that an alkali molybdate with soln. of yttria earths gives a 
curdy precipitate insoluble in water. W. Hisinger and J. J. Berzelius, and A. Cossa 
obtained similar results with soln. of ceria earths : and F. R. M. Hitchcock with 
neodymium and praseodymium. J. J. Berzelius, and J. J. Chydenius found thorium 
salts behave similarly. W. Gibbs also stated that phosphomolybdic acid probably 
precipitated simple molybdates. 

23. Fractional precipitation with formates. — J. J. Berzelius 44 found that thorium 
formate which is soluble in alcohol and in hot water, is decomposed by cold water 
(the hot soln. does not become turbid), and M. Delafontaine could not purify the 
salt by recrystallization. L. Haber found that sodium formate could be used as 
a precipitating agent in the purification of thoria. When zirconium salt soln. are 
boilod, hydrated zirconia is precipitated ; with cerium, sparingly soluble salts are 
formed in cold and hot water. H. Behrens found ammonium formate precipitated 
the ceria earths but not the yttria earths. K. Postius did not get good results by the 
fractional soln. of the finely divided earths in dil. formic acid. 

24. Fractional precipitation with acetates. — Unlike the salts of most tervalcnt 
metals, the addition of an alkali acetate to a soln. of a rare earth salt gives no pre- 
cipitate when the soln. is boiled ; so that the hydrolysis of the rare earth salts under 
these conditions is relatively small. In this respect, too, the salts of the rare earths 
differ from the salts of tetravalent cerium, thorium, and zirconiumfor the salts of theso 
tctravalent elements, when boiled with sodium acetate give sparingly soluble basic 
acetates. 0. Boudouard 45 claimed to confirm P. Schiitzenberger’s observation 
that coria is complex, by fractionally precipitating thoria-free cerium sulphate as 
acetate, but G. Wyrouboff and A. Vorneuil showed that a mistake had been made. 
N. A. Orloff also claimed to purify ceria in the form of its acetate. Even sparingly 
soluble salts of the rare earths usually dissolve when digested with a soln. of 
ammonium acotate. G. Kriiss examined L. de Boisbaudran’s method of separating 
orbia, holmia, thulia, and ytterbia earths based on the retarding action of ammonium 
acetate on the precipitation of the rare earths by ammonia, but obtained unsatis- 
factory results. M. Delafontaine investigated the action of ammonia on yttrium 
acetate. The solubility of thorium oxalate in soln. of ammonium acetate was 
noted by R. Finkener, H. Rose, G. P. Drossbach, C. Glaser, and E. Benz ; the 
solubility of the double potassium sulphate, by G. Urbain, L. M. Dennis and 
E. M. Chamot, and L. StUtzel ; and H. Backstrom, and P. T. Cleve noted that 
titanium and zirconium oxides are precipitated when soln. containing ammonium 
acetate are boiled. 0. Popp, and R. J. Meyer and M. Koss noted the quantitative 
precipitation of ceric oxide from neutral soln. by sodium acetate, while didymium 
and lanthanum remain in soln. L. M. Dennis and B. Dales, C. G. Mosander, and 

G. Kriiss fractionally precipitated the yttria earths by adding dil. acetic acid drop 
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by drop to a soln. of the hydroxides in ammonium carbonate. Terbia and yttria 
accumulate in the first fractions, holmium, thulium, and dysprosium in the middle 
fractions, and erbium and ytterbium in the last fractions. 

25. Fractionation by precipitation with stearic acid.— C. W. Stoddart and 
C. W. Hill 46 found that the yttria earths can be separated from monazite, gadolinitc, 
and samarskite by the addition, drop by drop, of a 50 per cent, hot alcoholic soln. 
of potassium stearate to a cold vigorously stirred soln. of tho neutral nitrates and 
in quantity sufficient for the precipitation of a fractional portion of the earths present. 
The more basic earths precipitate first. It is said that the precipitate formed is 
easily filtered and washed, the precipitant cheap, the separation sharp and distinct. 
For the preparation of pure yttria from monazite it is decidedly the best method 
known, and yttria is one of the most difficult raro earths to separate pure. Only 
one reagent is necessary, and few fractionations are required, thereby saving a great 
amount of time, as well as of material, in a large number of manipulations. 

26. Fractional precipitation with oxalic acid or the oxalates. — C. (1. Mosander 47 
introduced a method for the separation of the rare earths based on the varying 
solubilities of the oxalates in water. Tho details of the original method have 
undergone many modifications ; and advantage has been taken of the varying 
solubilities of the rare earth oxalates in dil. mineral acids in oxalic acid, and in 
soln. of alkali or ammonium acetate and of alkali or ammonium oxalate— vide 
supra. In one method the boiling soln. of the nitrate, just acidified with nitric acid, 
is treated with oxalic acid added drop by drop until a slight permanent precipitate 
is formed ; the soln. is allowed to cool, and the precipitated nitrato-oxalate filtered 
off. The filtrate is again treated as before. The eeria earths and thoria are pre- 
cipitated in the order : Th, Sa, Nd, Pr, Ce, La ; and in the case of the yttria earths, 
in the order : Tb, Ku, Gd, Dy, Ho, Tm, Er, Sc, Yb, and Y. In this way J. C. G. do 
Marignac, B. Brauner, and R. Bunsen separated lanthanum from didymium; 
neodymium has likewise been separated from samarium and the yttria earths, and 
ytterbium from erbium. The method was modified byF. Wirth by precipitating 
all the earths as oxalates, and fractionally dissolving the precipitate in sulphuric 
and oxalic acids ; B. Brauner found the solubility of the oxalates in ammonium 
oxalate to be in the relative order: Th (2663), Yb (104), Y (10-99), Ce (1*8), Nd (HI), 
Pr (M3), and La (1*0), and he separated thoria from ceria by this means. 0. A. von 
Welsbach separated a mixture of dysprosium, holmium, erbium, and ytterbium ; 
and N. A. Orloff separated cerium and thorium from the other ceria earths. 
C. James found the elements separated from a hot ammoniacal soln. of ammonium 
carbonate in the order : Tb, Y, Dy, Ho, Er, Tm, Yb, Lu, and in this way rapidly 
separated erbium from dysprosium, holmium, and terbium. M. Esposito separated 
lanthanum from didymium by using nitric acid as solvent ; C. G. Mosander used 
potassium hydroxalate for separating ceria and yttria earths ; and M. Delafontaine 
used the method for separating the gadolinia earths. A. J. Grant and C. James 
tried 20 per cent. soln. of the amine oxalates as solvents, but the solubilities of the 
various oxalates were too close together for successful applications. P. S. Willand 
and C. James tried ammonium oxalate for the separation of erbia from yttria earths. 

27. Fractional precipitation with succinates. — According to A. G. Ekeberg, 48 
yttria earths are not precipitated by alkali succinates, while beryllia earth is pre- 
cipitated. This does not agree with the observations of others. N. J. Berlin stated 
that yttria earths are not precipitated at once by sodium succinate, but after a 
few minutes, the liquid becomes turbid, and a fine crystalline powder is deposited, 
but M. H. Klaproth said no precipitate is formed and the mixture dries to a viscid 
mass. J. P. Bonardi and C. James precipitated yttria earths from boiling soln. 
mixed with sodium tartrate. T. Thomson, and H. Behrens found that, Hke oxalic 
acid, succinic acid produces a crystalline precipitate with soln. of cerium salts and 
the precipitate is not soluble in excess ; ammonium succinate precipitates soln. * 
of cerium chlorides or nitrates. W. Hisinger and J. J. Berzelius found that acetates 
are not precipitated by ammonium succinate, and hence they recommended this 
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agent for separating iron from these earths, J. J. Berzelius, 0. Kauffmann, and 
J. Schilling found that thorium is quantitatively precipitated by ammonium or 
potassium succinate, but that only 99'5 per cent, is precipitated by sodium succinate. 
V. Lehner, and R. C. Benner found that if a soln. of sodium succinate be added drop 
by drop to a one or two per cent. soln. of the nitrates of the yttria earths, a fraction 
containing terbia, holmia, europia, with some yttria is precipitated, while europia, 
yttria, samaria, and small quantities of holmia remain in soln. P. S. Willand and 
C. James tried ammonium succinate for the separation of erbia from yttria earths. 

28. Fractional precipitation with tartaric acid and the tartrates. — N. J. Berlin 49 
observed the formation of an insoluble white precipitate when alkali tartrates are 
added to soln. of yttria earths ; and H. Rose, A. Brauell, and R. Fresenius and 
E. Hintz found that this behaviour is characteristic of the yttria earths in contrast 
with the other rare earths. The precipitate obtained by adding ammonium tartrate 
to a neutral soln. of the rare earths is readily soluble in acids, and in an excess of 
the precipitant. According to W. Hisinger and J. J. Berzelius, M. H. Klaproth, 
A. Brauell, and T. Thomson, in the presence of tartaric acid, the precipitation of 
the earths by sodium hydroxide is completely inhibited ; potassium hydroxide under 
these conditions gives a precipitate with the yttria earths when the soln. are boiled, 
and ammonia gives a precipitate with the yttria earths even in the cold. L. Haber, 
and A. Rosenheim and co-workers showed that the precipitates are double alkali 
tartrates. The ceria earths give no precipitates under these conditions. 
J. J. Chydenius, P. T. Cleve, L. Haber, and 0. Kauffmann studied the precipitation 
of soln. of thorium salts by tartaric acid ; and J. Schilling, by ammonium tartrate ; 
M. H. Klaproth, L. N. Vauquelin, R. Hornberger, and L. Haber, the precipitation 
of zirconium salts by tartaric acid, and the alkali tartrates. Zirconium tartrate is 
soluble in soln. of potassium hydroxide, sodium tartrate, and sodium acetate. 
According to F. P. Venable and A. W. Belden, zirconium hydroxide is soluble in 
ammonium tartrate. H. Behrens said that soln. of cerium salts give a curdy pre- 
cipitate with soln. of ammonium pyrotartrate, which is readily dissolved by free 
acids. 0. L. Barneby fractionated an acetone soln. of the rare earths by a soln. of 
tartaric acid in the same solvent — erbium, holmium, and dysprosium are precipitated 
with the first fractions, and yttrium last ; cerium concentrates with the first fraction, 
and didymium with the yttrium. 0. L. Barneby, and P. S. Willand and 0. James 
tried the process for the separation of erbia from yttria earths, but the latter found 
it not suitable. 

29. Fractional precipitation with citric acid and the citrates. — N. J. Berlin 50 
and J. P. Bonardi and C. James found that alkali citrates precipitate the yttria earths 
from soln. of their salts ; at first, the white precipitate dissolves as it is formed, but 
later, it remains permanent. Yttrium citrate is soluble in an excess of sodium 
citrate, especially when freshly precipitated, and undried ; the soln. is not pre- 
cipitated by alkali carbonates or hydroxides, but it is by potassium oxalate. The 
presence of citric acid hinders the precipitation of the rare earths by ammonia, or 
alkali hydroxides. M. H. Klaproth, W. Hisinger and J. J. Berzelius, and L. Haber 
found the ceria earths are not precipitated by citric acid, but if the oxide be treated 
with citric acid, insoluble compounds are formed which do not dissolve in an excess 
of the acid. 0. Baskerville purified praseodymium by precipitation as citrate. 
J. J. Ohydenius, L. Haber, 0. Kauffmann, C. Baskerville, H. Erdmann, L. Pissarjew- 
sky, E. Benz, and J. J. Berzelius studied the precipitation of thoria by citric acid 
and the citrates ; and L. N. Vauquelin, L. Haber, and H. Harris, the precipitation 
of zirconia by the same reagents. 

30. Fractional precipitation with organic salts. — G. Urbain 61 tried a number of 
salts like the acetates, chloroacetates, butyrates, etc., but noticed no special advantages 
oyer the ordinary methods. A. Mandl found that salts of (i) formic, acetic, mono-, 

>di~, and tri-chloroaociic, acetoacetic, succinic , fumaric, tricarbaUylic , aconitic, benzoic , 
m- and p-oxybenzoic, trimesic , or benzoylformic acid gives a precipitate with zirconium, 
nitrate soln. ; (li) glycoUic, ethyknelactic, glyceric, tartronic, malic, tartaric, saccharic , 
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mucic, tnoxybenzoic (gallic), dxoxybenzoic ( resorcylic ), citric, phenylglycollic, or quinolic 
acid gives a precipitate which dissolves in excess and ammonia gives no precipi- 
tation ; (iii) o-oxybenzoic ( salicylic ), o-phthalic , or benzalmalonic acid gives a precipi- 
tate when warm, but no precipitation occurs with ammonia in the cold ; (iv) oxalic, 
malonic , maldnic , or maleic acid gives no precipitate, but the clear soln. gives a 
precipitate with ammonia. H. Erdmann and T. Nieszytka obtained precipitates 
with soln. of cerium salts and sodium naphthalenemonosulphonate, naphthalene disul- 
phonate, naphthalene, trisulphonate, naphthosulphonate, chromotropate , or anthraquine- 
sulphonale. H. Erdmann and F. Wirth studied the action of the hydroxy naphthalene 
sulphonic acids on the rare earths. 

A. Rosenheim and co-workers, and L. Haber showed that ceria earths are not pre- 
cipitated, but that thoria is precipitated from soln. of their salts by malic acid ; 
N. J. Berlin said that alkali malat.es precipitate the yttria earths if an excess of 
the precipitant be not added. H. Behrens said ammonium malonate gives a flocculent 
precipitate with soln. of cerium salts. J. B. Trommsdorff said that the zirconium 
salt of valeric acid appears to be insoluble, and L. L. Bonaparte found that if this 
acid be added to a mixed soln. of cerium and didymium nitrates, pure cerium valerate 
is precipitated, whilst didymium with a little cerium remains in soln. According 
to H. Behrens, ammonium lactate can be used in place of the double sulphate or ‘ 
ammonium carbonate methods of separating the ceria and yttria earths. The thoria 
and the ceria earths remain in soln., while zirconium and yttrium lactates are 
precipitated. Soln. of ceria earths in lactic acid give no precipitate with ammonia. 
A. Brauell noted the formation of a sparingly soluble, non-crystalline, basic ammo- 
nium cerium lactate. W. Gibbs, and P. Waage also made observations on the action 
of lactic acid on soln. of salts of the rare earths. 0. Kauffmann found thorium 
salicylate is precipitated by potassium salicylate ; and H. Behrens found that soln. 
of salts of cerium earths, thorium, and zirconium give precipitates with ammonium 
salicylate, while salts of the yttria earths are not precipitated. L. A. Pratt and 
C. James studied the action of salicylic acid on yttria. 

C. James and co-workers 52 found that thoria is completely precipitated from 
the rare earths by adding a boiling soln. of scbacic acid to a hot neutral soln. of the 
earths. The other earths are not precipitated even when the soln. is boiled for a 
long time. Yttrium can be separated quantitatively from the alkali metals by 
means of ammonium sebacate. T. 0. Smith. C. F. Whittcmore and C. James found 
that on fractionally precipitating a soln. of yttrium, holmium, and dysprosium 
chlorides with sodium cacodylate , the yttrium was cone, in the earlier fractions, while 
the holmium and dysprosium collected in the later ones ; with the cerium group, 
neodymium collected in the more soluble fractions, and samarium and gadolinium 
in the less soluble ones. C. James and co-workers studied the action of cacodylic 
acid on samaria and neodymia. R. J. Meyer and J. Wuorincn found that with 
phthalic acid, the most positive elements remain longest in soln., and the weakly basic 
ones accumulate in the first precipitates, and they were able to separate the members 
of the yttria group with good results. A. Kolb and H. Ahrle showed that m-nilro- 
benzoic acid precipitates thoria and ceria salts, but not ccrous salts and those of 
lanthanum and didymium. The precipitation of thoria is more complete, in the 
presence of a little aniline. J. P. Bonardi and C. James did not get useful results 
with sodium m-nitrobenzoale and the yttria earths, and they also tried the sodium 
phenoxy acetate, sodium camphorate , sodium azobenzenesulphonate , but with poor 
results. C. James and co-workers studied the effect of mcthyUulphonic, methylene- 
disulphonic, methanetrisulphonic, ethylsulphonic , propylsulphonic , isobulylsulphonic , 
camphor sulphonic, methoxy sulphonic, methanetrisulphonic, phthalic , phenylacetic , phe- 
noxyacetic , ethylenedmdphonic, m-xyleneeulphonic, citraconic, 8ulphoacetic t hydroxy- 
ethanesulphonic, m-sulphobenzoic , quinic, anisic , and oxanilic acids, and ethyl glvcol- 
laU t on yttria, samaria, and neodymia. P. S. Willand and C. James tried mawn^c 
acid in acetone soln., and with sodium diphenylmonosulphonale for the separation of 
erbium from yttrium, but the results were not satisfactory. H. ErcLmann and 
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F. Wirth found that malonic acid gives no precipitates with the rare earths, but 
they prepared a number of rare earth malonates. P. S. Willand and C. James found 
that with picric acid the erbium accumulates at the more soluble end of the series, 
but the results are not good. G. Jantsch and A. Grtinkraut fractioned the rare 
earths from xenotime by glycollic acid. They found that yttrium glycollate is least 
soluble, then follow the salts of lanthanum, cerium, praseodymium, neodymium, 
samarium, and gadolinium. L. Jordan and B. S. Hopkins found that sodium 
glycollate is useful in removing the last traces of samaria from gadolinia. 
C. James and co-workers also studied the action of glycollic acid on yttria, samaria, 
and neodymia. 

N. J. Berlin 63 found that alkali benzoates do not give an immediate precipi- 
tation with soln. of the yttria earths ; but one forms if the mixture is allowed to 
stand for some time in a warm place. H. Behrens found ammonium benzoatd 
gives a precipitate with cerium salts. The action of benzoic acid was studied by 
W. Hisinger and J. J. Berzelius, T. Thomson, and A. Brauell, the acid gives no 
precipitate with cerium salts. 0. Kauffmann found that thorium and zirconium 
salts give a gelatinous precipitate with alkali benzoates. 

HI. Separation by fractional oxidation. — These methods are mainly directed 
to the separation of cerium from the other rare earth elements, and they are based 
on the fact that, unlike the other elements of the family, cerium forms a strongly 
basic trioxido, Ce(OH) 3 , and a feebly basic tetrahydroxide, Ce(OH) 4 . The basicity 
of cerium tetroxide is very near that of thorium hydroxide, Th(0H) 4 . Mixtures of 
the rare earths containing over 50 per cent, of ceria are usually only partially soluble 
in hydrochloric or nitric acid ; but if digested with an excess of sulphuric acid, ceric 
sulphate is produced. This is insoluble in the excess of sulphuric acid. The mixed 
sulphates are dissolved in cold nitric acid, and when the soln. is boiled with alkali 
hydroxide, the rare earth hydroxide is formed. This is readily soluble in nitric 
acid. G. N. Wyrouboff and A. Vemeuil 54 and G. von Knorre showed that rare earths 
containing over 50 per cent, ceria are dissolved when heated with nitric acid if 
hydrogen peroxide be added from time to time. The Boln. contains cerous nitrate. 
R. Bunson showed that the mixture of rare earths is also dissolved by cone, 
hydrochloric acid if ammonium or potassium iodide be present. Iodine is liberated, 
and cerous chloride is formed. R. J. Meyer obtained a similar result with a mixture 
of hydriodic and cone, nitric acids. 

1. - Fractional oxidation by roasting. — When the rare earth carbonates, oxalates, 
nitrates, etc., are ignited, oxides are formed— cerium and thorium salts give dioxides, 
and the other rare earths, sesquioxides. When treated with dil. nitric acid, cerium 
dioxide is either insoluble, or very sparingly soluble dependent on the amount of 
lanthana or didymia which may be present. C. G. Mosander 65 used this method and 
separated lanthana and didymia from what was considered to be pure ceria. 
H. Zschiesche explained the brown colour of ceric oxide as a result of the com- 
bination of ceria and didymia. T. Kjerulf, B. Brauner, C. A. von Welsbach, 
P. Schottl&nder, P. Mengel, R. J. Meyer and M. Koss, etc., explained the great 
tendency of ceria to be contaminated by didymia and lanthana to the formation 
of compounds of ceria oxide with the tervalent earths analogous to manganites and 
chromites. H. Zschiesche found some cerous oxide was always dissolved by the 
nitrio acid. C. F. Rammelsberg, and F. M. Stapff, in order to ensure the complete 
oxidation of the ceria. fused the earths with potassium chlorate ; and F. Frerichs 
and F. Smith repeatedly calcined the oxide moistened with nitric acid. P. Schott- 
l&nder, however, showed that cerium dioxide, like lead dioxide, manganese dioxide, 
etc., develops some oxygen with nitric acid, or chlorine with hydrochloric acid ; 
and when dissolved in cone, nitric acid, a little of the ceric oxide is always reduced 
to cerous oxide. 

2. Fractional oxidation by chlorine or bromine . — C. G. Mosander 66 purified 
cerium by suspending the mixed oxides in a soln. of potassium hydroxide, 
and passing in a rapid stream of chlorine for a few hours. This converts all the 
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rare earths except cerium into soluble chlorides. The cerium remains undissolved 
as a light yellow powder of hydrated ceric oxide. R. Bunsen, T. Kjerulf, S. Jolin, 
L. M. Dennis and co-workers, L. Haber, G. Krtiss, K. Brockelmann, 0. Pettersson, 
L. Sttttzel, P. Mengel, 0. N. Witt, etc., found that a repetition of the process 
for a number of times is said to effect a complete separation of the cerium. 
J. L. Smith used the chlorine process for the separation of thorium which is pre- 
cipitated with the cerium. L. M. Dennis and F. L. Kortright also used it for separat- 
ing thorium from thorite. 0. Popp, R. Fresenius and E. Hintz, and G. P. Drossbaeh 
used sodium or calcium hypochlorite in place of chlorine. P. E. Browning and 
E. J. Roberts found that the hydroxide of lanthanum passes into soln. more rapidly 
than that of didymium. P. E. Browning, L. Haber, and W. Muthmann and 
H. Rolig, found that bromine can be more conveniently added than chlorine. With 
bromine, the hydrobromic acid produced towards the end of the operation does 
not act on the ceric oxide the same as does the hydrochloric acid produced when 
chlorine is employed. Iodine was also tried in place of chlorine. 

3. Fractional oxidation by potassium permanganate.- -F. M. Stapff, 67 and W. Gibbs 
oxidized soln. of cerous sulphate, nitrate, and chloride with potassium permanganate; 
but the oxidation was incomplete. C. Winkler found that the oxidation was com- 
pleted in the presence of mercuric oxide, and hence the reaction : 3Ce 2 0 3 -f SKMnO* 
-j-H 2 0— 6Ce0 2 +-2KOH4 2Mn0 2 , could be employed for the quantitative deter- 
mination of cerium. F. Stolba substituted zinc oxide for mercuric oxide, and 
founded a volumetric process on the reaction ; and the method was successfully 
employed by W. Muthmann and H. Rolig, C. James, G. P. Drossbaeh, P. E. Browning, 
etc. If zinc oxide and potassium permanganate be employed for precipitating ceric 
oxide from soln. of the rare earths, the zinc salt is troublesome to remove, and 
( -. R. Bohm accordingly substituted the alkaline earths, or magnesia ; and 
R. J. Meyer and A. Schweitzer recommended sodium carbonate which is now 
generally employed. E. J. Roberts recommends the following procedure : 

The rare earth soln., which should not contain salts other than nitrates, is heated to 
boiling in a largo porcelain dish, and, if not already neutral, is neutralued with the sodium 
carbonate soln. The soln. of permanganate is added in small quantities until the red colour 
begins to bo permanent, and the mixed soln. of permanganate and alkali is then added very 
slowly, with constant stirring, the liquid being kept nearly at the b.p. during the whole 
process. A faint colour of permanganate is maintained all the time in the liquid, a little 
of the pure permanganate soln. being added if at any time the colour lx? entirely bleached. 
This is important, as the constant acidity of the liquid is thereby insurod. When the 
cerium is nearly all precipitated, the colour is bleached more slowly after each addition of 
the precipitant, and the effervescence is less noticeable. The acidity of the liquid should 
now be tested from time to time, which may be done with litmus-paper if only a slight 
excess of permanganate be present. Small amounts of the mixed soln. or of sodium 
carbonate are added, until the liquid is nearly neutral to litmus, but still is faintly coloured 
with permanganate. The whole is heated, and stirred for about ten minutes, and filtered 
hot. The precipitate is washed with boiling water till the washings give no precipitate 
with ammonia. If the liquid at the end of the precipitation be faintly acid, the filtrate usually 
contains a trace of cerium giving a faint yellow colour with ammonia and hydrogen peroxide, 
while from the precipitate a preparation of corium chloride may readily be obtained which 
shows no absorption bands in a thickness of 15 eras, of very cone. soln. The presence of a 
little cerium in the filtrate, where the earths in the latter are to bo subjected to fractional 
crystallization, is usually not objectionable. 

4. Fractional oxidation by lead dioxide or bismuth tetr oxide. —In 1864, W. Gibbs 68 
introduced a method of separating ceria from the rare earths which was based on 
the oxidation of cerous salts by boiling them with lead dioxide and nitric acid ; 
H. Zschiesche used red lead in place of the dioxide ; and in 1894, W. Gibbs sug- 
gested using bismuth tetroxide in place of lead dioxide. W. Gibbs’ le^d dioxide 
process is as follows : 

Boil a mixture of the rare earth sulphates, with lead dioxide and nitric acid until a drop 
of the dear liquid gives no precipitate with lead acetate. Small quantities of lead dioxide 
and nitrio acid are added from time to time as the reaction proceeds. Hie soln. is boiled 
for an hour and a half longer, adding nitric acid from time to time to replace that 
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lost bv evaporation. After cooling and settling, the clear soln. is decanted off, and the lead 
sulphate is digested several times with hot nitric acid so as to remove any rare 
earths entrained with the precipitate. The main soln. and washinp are concentrated to 
a svrupy liquid, on a water-bath, and poured into ten times its vol. of water, when basic 
ceric nitrate is precipitated. This is well washed with water, treated with cone, sulphuric 
acid, and heated to removo the excess of acid. The mass, digested in ice-cold water, gives 
a soln. of cerous sulphate of a high degree of purity. 


The process was used by H. BUhrig, P. Mengel, H. Robinson, etc. ; and the reaction 
was applied to the detection of small quantities of cerium by W. Gibbs, L. M. Dennis 
and W. H. Magee, G. Kriiss and L. F. Nilson, G. von Knorre, R. Fresenius and 
E. Hintz, etc. G. von Knorre tried oxidizing cerous salts by boiling them with 
manganese dioxide and nitric acid, but the result was not satisfactory. C. H. Wing 
treated a soln. of a cerous salt with lead dioxide and sulphuric acid, so as to form 
the ceric salt. This was mixed with luteocobaltic sulphate, i.e. luteocobaltic 
tetramminotrisulphatc, when crystals of the double salt, [Co(NH 3 ) 6 ](S04)3.H 2 0, 
arc formed. The product contains a little didymium. 

5. Fractional oxidation by hydrogen , sodium , or barium dioxide. — G. H. Bailey 59 
found that a soln. of zirconium sulphate or acetate gave with hydrogen dioxide a 
precipitate of zirconium peroxide, Zr 2 0 5 , under conditions where titanium, 
columbium, iron, and aluminium salts gave no precipitation. The reaction was 
investigated by H. Geisow and P. Horkhcimer, who found that in dil. soln. in the 
presence of hydrogen peroxide, iron hydroxide but not zirconium hydroxide is 
precipitated by alkali hydroxide. P. T. Cleve, and L. de Boisbaudran then found 
that in the presence of ammonia or the hydroxides of the alkaline earths, a thorium 
persulphate is precipitated. This reaction was studied by G. Wyrouboff and 
A. Verncuil as a method of separating thoria from the rare earths. In applying 
the process, it is advisable to remove most of the ceria and yttria earths before 
applying the hydrogen dioxide process to avoid the entraining of these earths with 
the precipitated thoria. It is also necessary to use hydrogen dioxide free from 
phosphoric acid. E. Wedekind found that the presence of tartaric acid hinders 
the precipitation. G. Wyrouboff and A. Verneuil use the process in the following 
manner : 


To obtain thorium free from cerium, the soln. of the nitrates is mixed with an excess of 
ammonium carbonate, and a small quantity of ammonium hydroxide added ; all the thorium 
remains in soln. whilst the greater part of the other metals is precipitated. The soln. is 
neutralized as exactly as possible witli nitric acid, mixed with excess of hydrogen peroxide, 
and heated to 00° ; all the thorium is precipitated, and if the precipitate be dissolved in 
nitric acid, evaporated to dryness, redissolved in water, and the treatment with hydrogen 
peroxide repeated, very pure thorium is obtained. In the presence of large quantities of cerite 
earths, three or four precipitations may be necessary. The formation of the compound, 
Th 4 0,.N,0 B , by the aetion of hydrogen peroxide constitutes a delicate and characteristic 
test for thorium, and can be used for its quantitative estimation. The oxynitrate cannot, 
however, be heated or dissolved in acids without loss, and the following method is recom- 
mended. The soln. of nitrates containing not more than 0*5 grin, of oxide is evaporated to 
dryness, mixed with 100 c,c. of water and 10 c.c. of hydrogon peroxide, heated for a short 
time, and filtered. The precipitate, after washing, is transferred to a flask and dissolved 
in hot water containing ammonium iodide and hydrochloric acid, the soln. is precipitated 
with ammonte™ hydroxide, and the precipitate dried and heated. If the precipitate of 
oxynitrate be not white, it must be redissolved in nitric acid, evaporated to dryness, and 
the process repeated. 

G. and E. Urbain used the method to separate thoria from ytterbia. If a boiling 
soln. of lanthanum and didymium in the presence of sodium acetate be treated 
fcith hydrogen peroxide, a peroxidized didymium acetate is precipitated which 
redissolves on cooling ; this reaction enables didymium to be separated rapidly from 
lanthanum, which is not precipitated. The basic ceric acetate is less soluble than 
the didymium salt. 

P. Mengel found that an ice-cold soln. of sodium peroxide added to a soln. of 
the rare earths, oxidizes and completely precipitates the cerium as hydrated ceric 
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oxide. The precipitate is well washed with cold water, dried at 120°- 130°, redis- 
solved, and again precipitated. The product has a high degree of purity. H. Geisow 
and P. Horkheimer studied the process. G. Wyrouboff, and C. G. Mosander noted 
that barium dioxide gave a precipitate with soln. of cerium salts, and A. Verneuil 
used this reagent for the approximate separation of thoria from the monazito 
earths. 

6. Fractional oxidation by ammonium or potassium persulphate. — G. von Knorre 00 
oxidized the cerous salts in a boiling neutral soln. of the rare earths by the addition 
of potassium or ammonium persulphate : K 2 S 2 0 8 4-H 2 O^K 2 SO 4 4 H 2 S0 4 -f 0. The 
soln. must bo kept neutral during the reaction, and this was done by allowing the 
reaction to proceed in the presence of barium or calcium carbonate. G. Wyrouboff 
and A. Verneuil removed the last traces of cerium from ceria earths by this reaction, 
but instead of using an alkaline earth carbonate to keep the soln. neutral, they boiled 
the soln. with a mixture of sodium acetate and ammonium persulphate. If thorium 
be present, the soln. should be dil. enough to prevent the precipitation of thorium 
sulphate. 0. N. Witt and W. Theel replaced the sodium acetate by precipitated 
calcium carbonate. 

7. Fractional oxidation with potassium Inromate. — C. James 61 used potassium 
bromate for removing cerium from the rare earths. He boiled a neutral soln. of 
the nitrates mixed with potassium bromate, in the presence of some marble. The 
cerium was precipitated as basic ceric nitrate as described in the previous section. 
Ceria can thus be obtained free from other earths. 

IV. Separation by physical processes. —In a rigid system of classification, 
some of the basic salt processes would be more correctly described as cases of frac- 
tional dissolution or decomposition by heat. K. A. Hofmann and G. Kriiss 82 
suggested a possible means of fractionating the rare earths by shaking a soln. of one 
of their salts with charcoal free from phosphates because he found that the charcoal 
adsorbs the weaker bases first. About 0*5 grm. is adsorbed by 8 grinB. of charcoal 
from 2 grms. of the mixture. 

1. Fractional distillation , or sublimation. — J. J. Berzelius and W. Hisinger 03 
separated iron chloride from cerium chloride by fractional sublimation, the iron 
chloride volatilizes while cerium chloride remains. G. P Drossbach passed a 
current of chlorine gas over a heated mixture of the rare earths from monazito sand 
and charcoal. Thorium chloride volatilizes, and the less readily volatile chlorides 
of the ceria earths remain. 0. Pettersson studied the volatility of the rare earth 
chlorides, but his attempt at the fractional distillation of the anhydrous chlorides 
gave negative results. R. J. Meyer and A. H. Winter showed that scandium can be 
freed from thorium by the fractional sublimation of the anhydrous chlorides. 
G. T. Morgan and H. W. Moss showed that scandium and thorium can be separated 
by the distillation of their acetylacetonates, for, at 8-10 mm. press., thorium acetyl- 
acetonate begins to sublime at 160°, while the scandium salt sublimes at a lower 
temp., and, at atm. press., scandium acetylacetonate sublimes undecomposed between 
210° and 260°, while at 260° the thorium salt decomposes into a brown charred 
mass. G. Urbain and co-workers found the method to be of use in separating small 
quantities of lutecium chloride from the less volatile neoytterbium chloride. 
Scandium and thorium chlorides are also more volatile than lutecium chloride. 

2. Fractional electrolysis. — In 1879, L. de Boisbaudran 64 separated didymium 
from the samarskitc earths by electrolysis. G. Krflss stated that when a soln. of a 
chloride of a rare earth behaves upon electrolysis like a soln. of an hydroxide in 
dil. hydrochloric acid, chlorine and hydrogen are set free at the electrodes, the 
soln. loses more and more hydrochloric acid, and ns the amount of the solvent 
diminishes, the hydroxide of the earth is precipitated in increasing ambunt. In 
this manner the rare earths can be removed from chloride soln. of mixtures of the 
earths, the amounts thus precipitated depending upon the strength of the current 
and the duration of the electrolysis. It is to be expected that those bases which 
are the weakest toward hydrochloric acid will first be precipitated as hydroxides as 
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soon as a part of the hydrochloric acid is decomposed by the electrolysis. The 
stronger bases will remain in soln. as the more stable chlorides! In order to remove 
the hydrochloric acid uniformly from all parts of the soln. of the chlorides of the 
rare earths, electrodes of large surface were employed. E. F. Smith found that on 
electrolysis didymium is not precipitated either as nitrate or acetate although a 
partial precipitation takes place at the positive pole. B. Brauner, in the course of his 
study of peroxides, electrolyzed a soln. of didymium acetate with platinum electrodes 
and obtained on the negative pole a pale red crystalline crust containing didymium 
and acetic acid ; while soln. of the nitrate and sulphate gave similar products. He 
observed no peroxide formation. G. Bricout, J. Sterba, and G. von Knorre studied 
the anodic oxidation of cerous salts. A. Classen separated iron from zirconium by 
the electrolysis of a soln. of ammonium zirconium oxalate. L. M. Dennis and 
B. J. Lemon electrolyzed neutral soln. of the rare earth nitrates using a mercury 
cathode and platinum anode, without a diaphragm, and found that with a neutral 
soln. of the nitrates of neodymium, praseodymium, lanthanum, and samarium, the 
lanthanum collects in the last fractions, and can thus be separated from the other 
earths of the didymium group. Lanthanum can be satisfactorily separated from 
praseodymium by this method. On the fractional electrolysis of the earths from 
xenotime, erbium collects in the early fractions and yttrium in the later fractions. 
In order to test if the fractional precipitation were caused by the ammonia formed in 
the cathodic reduction of the nitric acid, L. M. Dennis and P. A. van der Meulen 
employed a diaphragm cell, and fractionally electrolyzed a soln. of the chlorides 
and the nitrates of yttria earths from which nearly all the ceria and didymia had 
been removed. They found that the coloured earths concentrated in the earlier 
fractions, yttrium in the last fractions. The rate of separation is about four times 
as great with the nitrates as with the chlorides. No ammonium salts were produced. 
L. M. Dennis and A. B. Ray found that a vigorous stirring of the liquid about the 
cathode accelerates the segregation of earths of higher at. wt. in the early fractions 
and gives a better cone, of the earths of lower at. wt. in the last fractions. In the 
fractional electrolysis of mixtures of thorium and the rare earth nitrates, thoria 
concentrates in the early fractious. 
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§ 7. The Occurrence and Isolation of the Cerium Family of Rare Earths 

The cerium family of elements is arbitrarily taken to include : cerium, Ce ; 
lanthanum, La ; neodymium, Nd ; praseodymium, Pr ; and samarium, Sa or Sm. 
As previously indicated, the criterion of this classification is the sparing solubility 
of the double sodium or potassium sulphates. The oxides are strongly electro- 
positive, and form a series of sesquioxides of the type R 2 0 3 , in which the element It 
is tervalent. The strongly basic oxides form a series of well-defined salts. Cerium 
furnishes a well-defined dioxide, Cc0 2 , which is also basic, forming a series of ceric 
salts. Praseodymium forms an analogous oxide, Pr0 2 , and neodymium an unstable 
dioxide. The basicity of ceric oxide, Ce() 2 , is much less than that of the sesquioxide 
corous oxide, Ce 2 () 3 . A number of intermediate cerosoceric oxides have been pre- 
pared. Still higher oxides of the different members of the family have also been 
reported. Samarium forms a series of salts of the type SaX 2 which correspond with 
the unknown monoxide, 8a(). The high basicity of the rare earth sesquioxides is 
illustrated by the relatively large heats of dissociation of the sulphates as calculated 
by L. Wohler and M. Grunzweig, 1 indeed, these values are the greatest hitherto 
observed for tervalent sulphates, and indicate that the rare earths belong to the 
strongest bases. These values ranged in the order of decreasing basicity furnish 
the series : La, Pr, Nd, 8a, Ce, while the series : 

La, Ce(ous), Pr, Nd, Sa, Cc(ie) 

is derived from (i) the order in which the hydroxides are precipitated from soln. by 
alkali hydroxides or aq. ammonia ; or from (ii) the order in which the nitrates are 
decomposed by heat; or from (iii) tin; electrical conductivity of aq. soln. of the 
chlorides. 

The occurrence Of the ceria earths. —Cerium occurs in a large number of widely 
distributed minerals, orthite or allanite, cerite, rcsehynite, yttroeerite, parisite, 
lanthanite, and a number of others which have been previously described. Monazite 
is almost exclusively the source of cerium products on a commercial scale. The 
cerium oarths are really a by-product remaining after the extraction of thorium from 
monazite. Allanite and cerite are used to a very small extent on a manufacturing 
scale. It is not alone the relative richness of the minerals in the cerium earths that 
determines its availability as raw material for the manufacture of cerium, but 
rather its relative abundance. Allanite and cerite are comparatively scarce minerals. 
Only a small proportion of tin' ceria earth by-products obtained in the manufacture 
of thoria from monazite are manufactured into pure cerium salts. 

Lanthanum is found in all the minerals containing cerium, and it occurs to the 
largest extent in lanthanite and beckelite ; it is also in moderate proportions in 
allanite, cerite, and saniarskite. Praseodymium and neodymium occur in all the 
minerals which contain cerium and lanthanum, but to a smaller extent. The term 
didymium is often used as a grouping term to include both neodymium and praseo- 
dymium ; the group was formerly supposed to be one element. It is curious that 
the ratio of Pr : Nd in minerals is very nearly constant 1 : 2, so that neodymium 
ap])earg to be twice as abundant as praseodymium. Samarium also accompanies 
cerium, in the cerium earths ; and when samarium itself is desired, the usual sources 
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are cerite, allanite, samarskite, and euxenite. For the occurrence of these elenieute 
in the sun and stars, vide infra , spectrum. 

The preparation Of ceria. — Among the rare earth elements cerium is unique in 
read informing a series of quadrivalent ceric compounds which are easily hydrolysed, 
forming sparingly soluble hydrated oxides or basic salts. In the ceric form, cerium 
behaves in many respects like thorium and zirconium, and as if it did not belong to 
the rare earth family ; and in this form cerium can be isolated without the need for 
elaborate processes of fractionation. Ceria is obtained by the extraction of the 
roasted mixture of salts with very dil. mineral acids or a boiling soln. of ammonium 
chloride ; by the extraction of the partially roasted nitrates or chromates ; with 
acids by the oxidation of cerium salts with chlorine, lead dioxide, potassium bromate, 
potassium permanganate, hydrogen dioxide, sodium dioxide, amt potassium or 
ammonium persulphate ; by anodic oxidation ; by the hydrolysis of oxidized soln. ; 
by treating the carbides with dil. acid ; by precipitation with o-toluidine, pyridine, 
or quinoline hydrochloride ; by a sulphate, chromate, acetate, or valerate ; by 
precipitation as potassium cerium sulphate or ceric ammonium nitrate ; and by 
the partial solubility of the oxalate.- These methods have been described in the 
preceding section. The most expeditious and efficient methods are the basic nitrate 
process, the bromate process, the permanganate process, and the pyridine hydro- 
chloride process —vide thoria. W. Prandtl 2 described a process based on the use 
of cadmium nitrate as separating element. 

The purification of ceria has been discussed by J. Sterba, 0. Wyrouboff and 
A. Verneuil, G. P. Drossbach, R. J. Meyer, B. Brauncr, A. Batek, ('. 0. Kiess and 
co-workers, A. ('. Neish, etv.—nide at. wt. of cerium, ('one. aq. soln. of eerous salts 
should show no signs of the didymium spectrum, Fig. 1, when viewed in layers 
10 12 cms. thick. The colour of the ignited oxide should be pale yellow when cold, 
and show no signs of a salmon, red, or brown tint. H. Buhrig showed that the 
methods published prior to 1875 did not give pure ceria. W. Gibbs first purified' 
cerium to pass the spectroscopic test. Ceria can be purified by dissolving the impure 
oxide in cone, nitric acid, and evaporating the soln. to a syrupy consistency. The 
cold mass is then dissolved in cold water, and boiled for 10 15 mins, so as to pre- 
cipitate the basic nitrate according to the process previously described. J. Sterba 
found that four precipitations as basic nitrate suffice to eliminate the last traces of 
other rare earths from ceria. Another method is to apply the ammonium ceric 
nitrate process four or five times, but this does not get rid of tin* other rare earths. 
The salt can also be freed from thoria by the reerystallization of eerous sulphate 
a number of times. The thoria can also be removed by adding hydrogen dioxide 
to a hot, neutral, or feebly acid soln. 

The preparation of lanthana. —According to H. Zschiesolny* prior to W. Gibbs’ 
discovery of the lead dioxide test for ceria in 18fi4, and the application of spectro- 
scopic tests, the methods of detecting ceria in the rare earths were so inadequate 
that it is almost certain that all the preparations were more or less eeriferous. The 
preparation of highly purified lanthana is a far more serious undertaking than is the 
case with ceria. Lanthana has been obtained from the ceria earths, after the removal 
of cerium, by fractionation with ammonia, alkali hydroxide, magnesia, and aromatic 
bases ; by extracting the roasted oxides w T ith mineral acids ; by the extraction of the 
partially roasted nitrates or chlorides with acids ; by precipitation as oxalates or 
chromates ; by the action of sodium acetate and hydrogen peroxide ; by electrolysis ; 
by the fractional crystallization of the nitrates, the double ammonium, sodium, 
magnesium, or manganese nitrates, double potassium carbonates, the sulphates, the 
ethylsulphates, the chlorides, the bromates, m-nitrobenzene sulphonates, and the 
picrates. These methods have been described in the preceding section. The order 
of separation with the nitrates, ethylsulphates, bromates, and oxalates is Nd, Pr, La ; 
with the double nitrates, double carbonates, and w-nitrobenzene sulphonates, 
La, Pr, Nd ; and with the sulphates, La, Nd, Pr. The more expeditious methods 
for the purification of lanthana are the fractional crystallization of the double 
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magnesium nitrate, and the double carbonate processes as recommended by 
B. J. Meyer. W. Prandtl and J. Rauchenberger used the basic ammonia process. 
The last traces of praseodymia are retained very tenaciously. C. James' process 
of purification has been previously described. Purified lanthana is white, and a 
thick layer of an aq. soln. of the chloride or nitrate should not show the praseodymium 
absorption bands. 

The preparation of neodymia. — Although didymium no longer appears in the 
list of elements, it is often convenient to prepare first what was formerly regarded 
as didymia before proceeding to separate it into its components neodymia and 
praseodymia. The fractionation methods employed for the preparation of crude 
lanthana also yield didymia. The separation of didymia into its components is 
more difficult than the preparation of lanthana ; and neodymia is more difficult to 
purify than is the case with praseodymia. The fractionation of the double am- ' 
monium nitrates from nitric acid for the separation of neodymium has been pre- 
viously described, and it was the method employed by C. A. von Welsbach 4 in his 
demonstration of the complex nature of didymia. W. Muthmann and L. Weiss 
recommend the double magnesium nitrate process, and W. Feit and C. Przibylla say 
that better results are obtained by using cerium as V element s'eparoieur. According 
to E. Dcmargay, samarium can be eliminated from neodymium by the double 
magnesium nitrate process continued for four days’ working with four fractions ; it 
can also bo removed by the double ammonium nitrate process ; or perhaps, best of 
all, by the double manganese nitrate process. The elimination of praseodymium 
is tedious. After ignition, purified neodymia has a blue colour which is not affected 
by a few tenths of one per cent, of praseodymia. If samaria and praseodymia be 
present, the blue absorption bands are less sharply defined than when these im- 
purities are absent. G. P. Baxter and co-workers separated samaria and praseo- 
dymia by the fractional crystallization of the nitrate from cone, nitric acid. The 
bromate fractionation also collects the praseodymium in the more soluble fractions. 
C. Baskerville and R. Stevenson recommended fractional precipitation by passing 
hydrogen ohloride into a soln. of the chlorides. 0. Holmberg, and 0. Gamier 
purified neodymia by fractionating the m-nitrobenzene sulphonates. The subject 
has been discussed by C. C. Kioss and co-workers. 

. The preparation of praseodymia. — The preparation of praseodymia naturally 
follows as a sequel to the preparation of its congener neodymia by the double 
ammonium nitrate or the doublo magnesium nitrate process. The product may 
contain lanthana and neodymia. W. Feit and C. Przibylla 6 eliminate the last traces 
of lanthana by crystallization of the cthylsulphates, bromates, or simple nitrates 
from nitric acid. G. P. Baxter and 0. J. Stewart used the double ammonium 
nitrate process in their work on the at. wt. of praseodymium. M. Esposito crystal- 
lized the oxalates from nitric acid. B. Brauner found that pure praseodymium 
dioxide, Pr0 8 , separates when the nitrate is fused at 440°. N. A. Orloff purified 
praseodymia from lanthana by boiling it with a soln. of potassium permanganate 
and mercuric oxide, to which a soln. 6f cerium chloride is then gradually added. 
The precipitate obtainod consists of the higher oxides of cerium and praseodymium, 
whilst the lanthanum remains in soln. The praseodymium is then separated from 
the cerium by any of the usual methods. 0. Baskerville and J. W. Turrentine said 
that praseodymia containing not more than 10 per cent, of lanthana, can be purified 
in one operation by precipitating the hydroxides with ammonia, washing the pre- 
cipitate free from ammonia, dissolving it in a sat. soln. of citric acid, and filtering 
the soln. When heated to 100°, normal praseodymium citrate separates as an 
amorphous green powder which can be washed with water. R. J. Meyer could not 
support this claim. The last traces of neodymia can be removed from praseodymia 
by the fractional crystallization of the double potassium carbonate, or the double 
ammonium, magnesium, or manganese nitrate. 

The preparation Of samaria. — The samaria will be found in the mother liquors 
from the didymia extractions, and it will also be found with the less soluble portion 



THE RARE EAKim 


of the earths which are not insoluble in a sat. soln. of sodium sulphate. The more 
soluble fractions from the double ammonium nitrate, the ethyhulphate, or 
the bromate process, are converted into double magnesium nitrates, and again 
fractionated from nitric acid of sp. gr. 1*3 as recommended by G, Urbain, 6 
E. Dema^ay, and C. James and co-workers. The fractionation should be continued 
until the samarium has been eliminated from the more soluble fractions, and the 
less soluble fractions do not show the europium absorption bands. Crystals of 
magnesium nitrate are apt to separate during this fractionation since the single 
nitrate is less soluble than the double salt, it is therefore considered best to seed the 
supersaturated soln. with small crystals of bismuth magnesium nitrate. G. Urbain 
and H. Lacombe recommended the fractional crystallization of the double mag- 
nesium nitrates to which a little bismuth nitrate has been employed as separating 
element. 
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§ 8. The Preparation of the Metals of the Cerium Family 

A few of the metals of the rare earths have been isolated, but usually in an impure 
state. All the metals of the cerium family of earths have been obtained more or 
less impure. 

The preparation of the cerium metals. — C, G. Mosander 1 obtained cerium, 
lanthanum, and didyraium by reducing the anhydrous chloride with heated sodium 
or potassium; A. Beringer, and F. Wdhler also made cerium in this way; 
J. C. G. de Marignac, didymium; and C. A. Matignon, and M. A. Hunter, 
neodymium. The yield is poor. The metal appears in the form of a large number 
of fine globules which give it the appearance of a powder. It is difficult to remove 
the alkali chloride which is produced ; and the metal is liable to be alloyed with a 
little sodium or potassium. M. Moldenhauer reduced cerium fluoride by heating 
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it with an excess of calcium, or aluminium. The cerium was always alloyed with 
the reducing agent. 7’hus, the product with calcium contained 12 per cent, of 
calcium, and 86 per cent, of cerium. It is necessary to cover the contents of the 
crucible with a layer of calcium fluoride in order to prevent oxidation during the 
reaction. If the cerium fluoride be mixed with ferric oxide, a cerium-iron alloy is 
produced. M. Moldenhauer said that cerium oxide is not reduced by applying the 
thermite process, using aluminium, magnesium, or calcium as a reducing agent. 
C. A. Winkler reduced lanthana and ceria by means of magnesium ; and H. Holm, and 
C. A. Matignon reduced the ceria by the same agent. C. A. Matignon, E. C. Schiffer, 
W. Muthmann and L. Weiss, and A. Hirsch reduced cerium oxide with aluminium ; 
K. A. Kiiline used the thermite process ; and A. Hirsch used calcium, carbon, or 
silicon. The last-named found that with carbon, and silicon, the products are 
carbides or silicides, and with the other three metals, alloys are produced. 
C. A. Matignon made praseodymium by reducing the oxide with magnesium. 
K. W. von Siemens and J. 0. Halske obtained cerium by heating the nitride or other 
compound of cerium with the elements of the nitrogen family, in the absence of air. 
0. Siebert and K. Korten obtained the metal by heating the halides at a high temp, 
n the presence of a reducing agent — e.g. carbon. 

W. F. Hillebrand and T. H. Norton 2 prepared the metals cerium, lanthanum, 
and didymium in a coherent form by the electrolysis of the fused chlorides covered 
by a layer of ammonium chloride, and contained in a porous cell surrounded by a 
mixture of molten sodium and potassium chlorides, contained in a porcelain crucible. 
The anode was thin sheet iron, and the cathode iron wire. W. Muthmann and co- 
workers electrolyzed a fused mixture of 90 per cent, of cerous chloride, and 10 per 
cent, of potassium and sodium chlorides in a water-cooled copper vessel. A current 
of 30-40 amps, and 12 15 volts was used, and the electrodes were carbon. They 
also electrolyzed a soln. of cerium oxide in molten cerous fluoride using a current 
density of 8-10 amps, per sq. cm. at the cathode, and 3 amps, per sq. cm. at the 
anode. The yield of metal corresponded with 57 per cent, of the current used. 
They showed that the materials employed should be free from silica or the metal 
will bo contaminated with silicide : potassium fluoride, calcium fluoride, or 
cryolite cannot be employed with success in place of cerium fluoride. The 
electrolysis of a molten soln. of ceric oxide in cryolite yields an alloy of 
cerium and aluminium. If the electrolysis be conducted in the presence of 
carbon, cerium carbide is formed. According to A. Hirsch, cerium is best pre- 
pared by dehydrating ceric chloride in an atm. of hydrogen chloride, and electro- 
lyzing the fused chloride in an iron crucible, which serves as cathode, with a graphite 
anode. Sodium chloride, potassium fluoride, and barium chloride are added in 
small quantities to the electrolyte to increase the resistance of the bath afid check 
decomposition. The cerium thus obtained contains about 2 per cent, of impurities, 
consisting of iron and of cerium oxide and carbide. It may be purified by amalga- 
mating with boiling mercury, skimming off the undissolved impurities, and distilling 
in a vacuum in a quartz vessel lined with magnesia. 

W. Muthmann and co-workers found that since lanthanum, neodymium, and 
praseodymium melt at a higher temp, than cerium, while their chlorides melt at a 
lower temp., a higher temp, about the electrodes is required for the preparation of 
these metals by the olcctrolysis of the anhydrous chlorides in order to avoid the 
formation of a neutral regulus. This was secured by using very slender carbon 
electrodes, or by using an iron rod to which sticks of carbon were fastened. 
Lanthanum was obtained by using a current of 50 amps, at 10-15 volts ; while 
with neodymium a current of 90-100 amps, at 16-22 volte was employed. In the 
case of praseodymium, it was necessary to avoid the formation of the dioxide and 
consequently a maximum current of 70 amps, was used. The metals were purified 
by remelting them in crucibles made from purified magnesia, and covered by a 
layer of barium chloride. Ordinary crucibles must not be used since lanthanum, 
neodymium, and praseodymium attack the silicates. Metallic samarium was 
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obtained with difficulty by the electrolysis of the fused anhydrous chloride mixed 
with one-third its weight of barium chloride, using a current of 100 amps, and a 
small carbon cathode. The metal is deposited on the carbon from which it is sepa- 
rated by a layer of golden-yellow carbide. H. (’. Kremers and R. (L Stevens pre 
pared lanthanum by the electrolysis of the fused chloride mixed with variable 
amounts of potassium fluoride and sodium chloride. The metal prepared by the 
use of a tungsten cathode did not contain tungsten ; metal prepared in iron cells 
was always contaminated with iron. 
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/ § 9. The Physical Properties of the Cerium Family of Metals 

According to W. Muthmann and L. Weiss, 1 polished surfaces of cerium, 
lanthanum, neodymium, and praseodymium are very similar, but exhibit minute 
differences in colour. Lanthanum has the whiteness of tin, cerium that of iron ; 
neodymium has a yellow tinge, which is still more marked in the case of 
praseodymium. Samarium is a pale grey lustrous metal. The interior of a bar of 
cerium is highly crystalline, but attempts by A. Jlirsch to make definite crystals 
by fusion below molten lithium chloride were not successful. According to 
A. W. Hull, the X-radiogram of cerium corresponds either with a hexagonal close- 
packing with side 3*65 A., and the closest approaeli of the atoms, 3 04 A. ; or with a 
face-centred cube with side 512 A., and the closest approach of the atoms as before ; 
while E. K. Schumacher and H. F. Lucas found that the metal crystallizes in the cubic 
system. A. Hirsch gives 0 920 for the specific gravity of cerium ; and J. F. Bahr and 
R. Bunsen give 6*628. W. Muthmann and L. Weiss ^ j p 

give for the sp. gr. of cerium, 7 0424 ; lanthanum, 

6*1545 ; neodymium, 6'9563 ; praseodymium, 

6*4754 ; and samarium, 7*7 to 7*8. The atomic 
volumes are cerium, 19*917 ; lanthanum, 22*547 ; 
neodymium, 20*765 ; praseodymium, 21*709 ; and 
samarium, 19*36. On plotting the at. vol. against 
the at. wfc., Fig. 7, cerium, not lanthanum, occupies 
an exceptional position. H. C. Kremers and 
R. O. Stevens gave 6*1598 for the sp. gr. of 
lanthanum at 15°. The hardness is in the order : 

Pb, Sn, Ce, La, Zn, Nd, Pr, Sa, so that while 
cerium is nearly as soft as lead, and can be cut with a knife, samarium has the hard- 
ness of steel. H. C. Kremers gave 37 for BrineU’s hardness (599 kgrrns.) ; F. Hanaman 
gave 28. Samarium is very brittle, while, according to A. Hirsch, the ductility and 
mflllftft bility of cerium resemble those of lead ; lanthanum is malleable, and it 
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is ductile enough to be hammered into foil, or drawn into wire. Cer ium can 
be machined fairly well although it has a tendency to buckle. The tensile strength 
is 9 kgrms. per sq. mm. According to P. W. Bridgman, the compressibility of cenum 
represented by 8vlv t where v denotes the vol. of cerium at 6° and atm. press., 
and the change in vol. 8v, given by Sv/vxlO’ 1 at 30° is — 35'74p+19'0xl0-5p 2 ; 
and at 75°, — 35‘8Op-j-19*7xl0~ 5 p 2 . . 

The melting point of cerium given by W. Muthmann and L. Weiss is 623 ; 
lanthanum, 810°; neodymium, 840°; praseodymium, 940°; while samarium 
melts* at 1300°-1400°. F. Hanaman estimates the m.p. of cerium to be 720°. 
W. Guertler and M. Pirani gave for cerium 700° ; lanthanum, 810° ; praseodymium, 
940° ; neodymium, 840° ; samarium, 1300°. H. C. Kremers and R. G. Stevens 
gave 826° for lanthanum. W. R. Mott gave 645° for the m.p. and 1400° for the 
boiling point of cerium ; and 810° for the m.p. and 1800° for the b.p. of lanthanum. 
J. J. von Laar estimated the critical temperature to be 3580°, and the critical 
pressure, 560 atm. D. I. Mendel 6eff gave for specific heat of cerium, 0*05 ; 
W. F. Hillebrand, 0 0448 between 0° and 100° ; and A. Hirsch, 0*05112 between 
20° and 100° ; the average at. lit. is 6 82, an unusually high value. J. Dewar gave 
0*0330 for the sp. lit. of cerium and 0*0322 for that of lanthanum at a temp, between 
the b.p. of hydrogen and oxygen. W. F. Hillebrand gave 0'449 for the sp. ht., 
and 6*23 for the at. ht. of lanthanum. G. W. Lewis and co-workers, and 
E. D. Eastman found the entropies of lanthanum and cerium to be respectively 
13*7 and 13*8 at 25° and atm. press. A. Hirsch found qualitatively that the thermal 
conductivity of cerium is high, and that the latent heat of fusion is high. R. Pohl 
and P. Pringsheim prepared mirrors by condensing the vapour of cerium on glass 
plates. W. Muthmann and L. Weiss gave 1603*15 cals, for the heat of combustion 
of a gram of cerium burning to ceric oxide ; and the heat of formation of the oxide 
given by A. Hirsch is JCe0 2 ~56*l Cals. W. Muthmann and L. Weiss give for th^ 
heats of combustion of a gram of metal to the sesquioxide — lanthanum, 1602*1 cals.; 
neodymium, 1506*0 cals. ; and praseodymium, 1476*8 cals. The high values of 
the heats of combustion suggest that since a mixture of the cerium and yttrium 
metals can be easily obtained, the alloy might be useful as a reducing agent. The 
heat of formation of lanthana, JLa 2 0 3 =74*l Cals., is greater than that of alumina ; 
this makes it doubtful if lanthana pan be reduced by aluminium, unless the heats 
of combustion alter at higher temp. The heat of formation of praseodymia, 
JPr 2 0 3 ~68*7 Cals. ; and of neodymia, JNd 2 0 8 =72*5 Cals. H. C. Kremers and 
R. G. Stevens gave 1645 cals, per gram for the heat of combustion of lanthanum. 

It will be observed that praseodymium and neodymium present an exception 
to the rule that there is a regular change in the properties of a sequence of elements 
in a given family with change in the at. wt. Thus : 



La 

Pr 

Nd 

Sa 

At. wt. 

1 

139 

140*9 

144-3 

160*4 

M.p. 

810° 

940° 

840° 

1300°- 1400° 

Heat of formation, cals, per eq. . 

741 

68*9 

72-5 

— 

Heat of oombuation, cals. . 

1602*1 

1466*8 

1606 



There are therefore four pairs of such anomalies presented by argon and potassium, 
tellurium and iodine, cobalt and nickel, and praseodymium and neodymium, and, 
as A. Werner pointed out, these anomalies occur in periods in which six to seven 
elements occur Detween the first and last pairs. 

The lines in the spark spectrum of cerium were first measured by G. Kirchhoff, 8 
and compared with Fraunhofer’s lines of the solar sprectrum. Many observers— 
R, Thaten, J. H. Pollok and A, G. G. Leonard, B. Brauner, F. Exner and E. Haschek, 
0. Lohse, F. L. Cooper, R. Bunsen, A. Hagenbach and H. Konen, eto.— have studied 
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the spark spectrum. G. Meyer and M. Greulich found that with a soln. containing 
0*01 mgrm. of cerium per c.c. the lines A— 3940*89 and 4166 75 are visible. They 
also examined the influence of various other salts when admixed with the cerium 
salt. A. Bakowsky, F. L. Cooper, J. M. Eder and E. Valenta, C. C. Kieas and co- 
workers, F. Exner and. E. Haschek, etc., studied the lines in the arc spectrum of 
cerium. The spectrum of this element is one of the richest in lines ; A. Bakowsky 
measured between 2800 and 2900 of them. The most intense lines in the arc spectrum 
arc 4150*11, 4186*78, 4222*78, 4296*88, 4337*96, 4382*32, 4386*95, 4460*40, 4479*52, 
4487*06, 4527*51, 4528*64, in the violet ; 4539*90, 4562*52, 4572*45, 4594*11, 4628*33, 
in the blue ; and 5512*27 in the green. W. J. Humphreys measured the effect of 
press, on the lines ; H. Geisler studied the anomalous dispersion ; and P. G. Nutting, 
the structure of the lines. R. Bunsen observed no spectrum in the Bunsen flame. 
W. Huggins obtained a continuous spectrum with the oxide in the oxyhydrogon 
flame, but J. N. Lockyer observed the lines 5273 and 5160. W. N. Hartley noted 
that special spectra are furnished by cerium oxide and salts under these conditions. 

G. Kirchhoff, and J. N. Lockyer observed two of Fraunhofer’s lines corresponded 
with the spectral lines of cerium; H. A. Rowland found 33 coincidences; and 

A. Bakowsky, several hundreds. 

The lines in the spark spectrum obtained from aq. soln. of salts of the rare earths 
gradually weaken and vanish at different rates as the cone, of the soln. is diminished. 
J. H. Pollok, A. G. G. Leonard, 3 W. N. Hartley, and A. do Gramont have studied 
this question in the case of cerium, lanthanum, and yttrium. The most persistent 
lines— -t.c. those which remain longest when the soln. is diluted — are called 
ultimate or residual lines. The lines which show in a 0*001 per cent. soln. are called 
the co-lines ; with a 0*01 but not in a 0*001 per cent, soln., the ^r-lines ; those in a 
0*1 per cent, but not in a 0*01 per cent, soln., the ^-lincs ; those in a 10 per cent, 
but not in a 0*1 per cent, soln., the <£ -lines ; and those in a more cone. soln. cr-linos. 
Lines given by sparks from the solid but not by an aq. soln., are called the T-lines. 
Assuming that with the same conditions, the same lines disappear at the same 
dilutions, the observations become quantitative. G. Meyer found 0*01 mgrm. 
per c.c. to be the minimum cone, for the spectroscopic detection of cerium, lantha- 
num, and didymium. 

G. Kirchhoff, 4 R. Thalen, P. T. Cleve, J. H. Pollok and A. G. G. Leonard, 

B. Brauner, A. Bettendorff, E. Dcmaryay, O. Lohse, F. Exner and E. Haschek, 
S. Forsling, J. M. Eder and E. Valenta, A. Hagenbach and H. Konen, etc., have 
studied the spark spectrum of lanthanum. G. Meyer and M. Greulich found that 
with a soln. containing 0*006 mgrm. of lanthanum per c.c., the line A—3949 22 can 
be detected. They also examined the effect of various other salts admixed with 
the lanthanum salt soln. H. A. Rowland and 0. N. Harrison, R. J. Meyer, C. C. Kieas 
and co-workers, F. Exner and E. Haschek, A. Hagenbach and H. Konen, J. Kellner, 
E. Wolff, M. Bertram, etc., have investigated the arc spectrum. The most 
intense lines in the arc spectrum arc 3949*27, 3988*69, and 4238*55 in the violet ; 
4333*98 in the blue ; and 6250*14, 6262*52, and 6394*46 in the red. There are also 
bands in the arc spectrum studied by J. Kellner, J. Okubo, E. Wolff, and A. Hagen- 
bach and H. Konen. R. Bunsen found lanthanum salts do not show a spectrum 
in Bunsen’s flame. W. N. Hartley and H. Rarnage observed that the spectrum of 
the oxide in the oxyhydrogen flame exhibits a number of bands. W. J. Humphreys 
studied the effect of press. ; H. Ebert, the anomalous dispersion ; J. N. Lockyer, 
the enhanced lines ; and W. M. Hicks, and E. Paulsen, their regularities in the 
spectral lines. H. A. Rowland observed lines of lanthanum in the solar spectrum. 

C. A. von Welsbach, 6 the discoverer of neodymium and praseodymium, made 
some observations on the spark spectra of these elements ; and further Observations 
were made by S. Forsling, O. Lohse, F. Exner and E. Haschek, A. Hagenbach and 

H. Konen, C. C. Kiess, J. M. Eder and E. Valenta, etc. G. Meyer and M. Greulich 
found that with soln. containing 0*01 mgrm. per c.c. the Nd-lmes A— 4061*27 arid 
4325*80 or the Pr-lines A=4206*81 and 4429*41, could be detected; and thqy 
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examined the effect of other salts admixed with the neodymium or praseodymium 
salt soln. The arc spectra were examined by A. Hagenbach and H. Konen, 
J. M. Eder and E. Valenta, etc. F. Exner and E. Haschek observed 2014 lines in 
the spark spectrum and 1294 in the arc spectrum of neodymium, and 2490 lines in 
the spark spectrum of praseodymium ; and M. Bertram reported 1954 lines in the 
arc spectrum of neodymium, and 1500 lines in that of praseodymium. The most 
intense lines in the arc spectrum of neodymium are 3863*52, 3951*32, 4061 *32, 
4274 54, 4282*67, 4325*87, 4375*11, 4385*81, 4400*96, 4446*51, 4451*71, 4463*09, 
4920*84, 5293*35, 5319*98, 5594*58, 5620*75, 6310*69, 6314*69, and 6385*32 ; while 
with praseodymium, the most intense lines are : 4100*91, 4118*70, 4143*33, 4179*60, 
4189*70, 4206*88, 4223*18, 4225*80, 4241*20, 4305*99, 4429*28, 4496*60, and 4510*32. 
H. Auerbach observed no spectrum with praseodymium salts in Bunsen’s flame, or 
in the oxyhydrogen flame ; W. N. Hartley and H. Ramage said that in the oxy- 
hydrogen flame neodymium gives a band spectrum. L. Haitinger noted a flame 
spectrum with praseodymium, and C. A. von Welsbach, L. Haitinger, K. Schaum 
and H. Wiistenfeld, and C. Anderson noted the flame spectrum of neodymium. 
The flame spectra are of little or no help in the detection of these earths. The 
flame spectra vary with temp., and C. Anderson found that the bands occupy the 
same position in the flame and reflection spectra of neodymium when examined at 
the same temp., and W. Muthmann and co-workers and P. Joye examined the 
reflection spectra of neodymium and praseodymium ; and K. A. Hofmann and 
K. Hoschele, the reflection spectrum of the same two elements. Neodymium mixed 
with alumina was found by L. Haitinger to give a discontinuous spectrum in Bunsen’s 
flame, and this spectrum is almost identical with the reversed absorption spectrum. 
H. A. Rowland attributed a number of Fraunhofer’s lines in the solar spectrum to 
neodymium and to praseodymium. G. Hofbauer noted that 140 neodymium lines 
and 110 praseodymium lines corresponded with lines in the solar spectrum. 

The Bpark spectrum of samarium was examined by R. Thalen, 6 A. Bettendorf!, 
F, Exner and E. Haschek, A. Hagenbach and H. Konen, C. C. Kiess, E. Demaryay, 
J. M. Eder and E. Valenta, etc. ; and the arc spectrum by F. Exner and E. Haschek, 
,1. M. Eder and E. Valenta, A. Hagenbach and H. Konen, C. Riitten, etc. The most 
intense lines in the spark spectrum are : 3739*30, 4152*38, 4203*18, 4225*48, 4229*83, 
4236*88, 4256*54, 4319*12, 4329*21, 4334*32, 4347*95, 4391*03, 4420*72, 4421*32, 
4424*55, 4434*07, 4434*52, 4452*92, 4454*84, 4458*70, 4467*50, 4519*80, 4524*08, 
4544*12, 4566*38, 4577*88, 4642*41, and 4674*79. The flame spectrum of samarium 
was examined by L. de Boisbaudran, and A. Bettendorf! ; and the reflection 
spectrum, by K. A. Hofmann and K. Hoschele. Samarium chloride or nitrate 
was found by E. Dcmaryay, and L. de Boisbaudran, to give a yellow phosphorescent 
spectre de reversement or reversion spectrum ; there are three bands with maxima 
of wave-length 6440, 6000, 5640. H. A. Rowland could identify no samarium lines 
in the solar spectrum, but G. Hofbauer reported that 125 lines of the samarium 
spectrum probably coincided with lines in the solar spectrum. 

Unlike the salts of a great number of elements with a colourless acid, soln. of 
the salts of many of the rare earths show a characteristic absorption spectrum 
which exhibit a number of bands some of them remarkably narrow and intense. 
The aq. soln, of cerous and lanthanum salts are devoid of absorption spectra in the 
visible region, but soln. of praseodymium, neodymium, and samarium have well- 
defined absorption spectra. The blue and red ceric salts also show absorption bands 
at the violet end of the spectrum. The width of the bands is increased by augment- 
ing the cone, of the Boln, or the depth of the soln. through which the light passes ; 
the edges of the bands are also more or less hazy, hence, it is usual to state the 
positipn of maximum absorption, i.e. the so-called head of the band, than to state 
the liinits of the region included by the band. The head of a band is usually 
independent of the cone., but one band may have two or more maxima. The 
intensity of the absorption is increased by increasing the cone, of the soln., or the 
depth of the liquid through which the light passes ; and, as H. C. Jones 7 and 
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co-workers have shown, in accord with Beer’s law. With a constant depth of soln,, 
broad bands shown in cone. soln. may be resolved by dilution into two or more 
narrower bands; and eventually as dilution proceeds, the bands disappear- 
ed Fig. 8. The cone, at which the bands cease to be visible is different for different 



Fiu. 8. — The Absorption Spectrum of Aqueous Solutions of Praseodymium Chloride 

bands. As in the case of the arc and spark spectra, estimates of the cone, of a soln. 
can sometimes be made from the bands which are present or absent. J. Becquerel, 
R. W. Wood, and G. J. Elias found that in the vicinity of the absorption bands, 
aq. soln. exhibit anomalous magnetic rotatory dispersion. Absorption spectra are 
assumed to be produced by molecules of the solute, or by combinations of the mole- 
cules of the solute with those of the solvent. The absorption spectrum may there- 
fore be considerably modified by variations in the nature of the solvent. This 
subject has been discussed by H. C. Jones and co-workers. W. N. Hartley, 
G. I). Liveing, and H. 0. Jones, etc., have studied the effect of temp, on the absorp- 
tion bands. Usually, a rise of temp, intensifies the absorption, and broadens some 
of the bands, while lowering the temp, narrows the bands. H. (\ Jones and 
W. W. Strong showed that in the presence of calcium chloride, the absorption bands 
of aq. soln. of neodymium chloride decrease in intensity with rise of temp., and 
the heads of the bands are slightly displaced. 

Thin slices of crystals of minerals and salts may also show absorption bands 
which are not the same as those obtained with soln. although a certain family like- 
ness can often be detected. R. Bunsen 8 noted that the crystals of didymium 
sulphate are pleochroic. H. Becquerel, H. Dufet, G. H. Bailey, etc., have also 
studied the phenomenon with a number of minerals containing the rare earths, and 
found that the bands may differ in relative intensities, but not in position. 
J. Becquerel showed that the bands become narrower and more intense as the temp, 
is lowered, and in the vicinity of the absorption bands, the crystals exhibit an 
anomalous magnetic rotatory dispersion. F. Weidert studied the absorption spec- 
trum of glasses stained with didymium compounds. 

The absorptiou spectrum of aq. soln. of praseodymium salts have been investigated 
by S. Forsling, 9 A. Langlet, W. Rcch, A. Aufrecht, L. F. Yntema, P. Schottlander, 
G. P. Baxter and 0. J. Stewart, J. E. Purvis, H. C. Jones and co-workers, B. Brauner, 

A. Bettendorff, C. R. Bohm, B. Stahl, W.C. Ball, etc. According to W. Reel), there are 
five well-defined bands in the visible spectrum of praseodymium chloride, or nitrate, 
with weak maxima in the yellow at 5964 and 5882 ; an intense maximum in the 
blue at 4813, and one at 4683, which is coincident with a neodymium band ; and a 
broad intense band in the violet with a maximum at 4442- Fig. 8. The maxima 
given by different observers usually differ by a few units ; thus, for the above bands 

B. Brauner gives 5963, 5895, 4812, 4693, and 4447 respectively. The absorption 
in the yellow can be seen only with cone. soln. F. G. Wick found that the effect 
of press. produces the same changes as those produced by lowering the temp., 
or decreasing the cone. Measurements of the absorption spectrum in organic 
solvents were made by H. Sch&ffer, and H. C. Jones and J. A. Anderson. The 
results show that the bands change their position owing to the formation of 
complexes between solute and solvent. F. Weidert studied the absorption spectra 
of glasses containing didymium oxides. 

The absorption spectrum of aq. soln. of neodymium is complex, and very rich 
in bands; it has been measured by E. Dema^ay, W. W. Strong, S. Forsling, 

C. A. von Welsbach, J. E. Purvis, L. F. Yntema, B. Brauner, 0. Boudouard, W. Been, 
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B. Holmberg, B. Stahl, F. Exner, G. Dimmer, G. P. Drossbach, W. Muthmann and 
L. Sttttzel, C. Gamier, G. P. Baxter and co-workers, etc. According to W. Rech, 
intense maxima occur at 7324, 5800, 5780, 5750, 5740, 5210, 5200, 5120, 5090, 
4274, 3556, 3540, 3507, 3465, 3288, and 2983 ; while less intense bands have maxima 
at 6890, 6790, 6730, 6360, 6280, 6250, 6220, 5870, 5830, 5710, 5470, 5310, 5250, 
4870, 4800, 4750, 4690, 4610, 4327, 4290, 4180, 3801, 3399, 3231, 3144, 3067, 3047, 
3030, 3015, 2998, 2937, 2913, and 2902. The band at 4690 coincides with one due 
to praseodymium, so that in a mixed soln. the two bands overlap and so intensify 
one another. The two bands 4610 and 4750 partially overlap the 4632 and 4761 
bands of samarium. They also clash with europium bands, and since these two 
elements constantly occur with samarium, the absorption spectrum is not of much use 
as a test. The two bands, 5800 and 5470, which appear in the absorption spectrum 
of the nitrate are not shown in the spectrum of the chloride. L. Isakoff found soln. 
of neodymium chloride show an anomalous dispersion. W. Rech’s photograph 
is shown in Fig. 9. H. Schaffer, and H. C. Jones with J. A. Anderson, with 
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Fio. 9. — The Absorption Spectrum of Aqueous Solutions of Noo'dyinium Chloride. 

W. W. Strong, and with J. S. Guy, have measured the absorption spectra in non-aq. 
soln. There is a marked resemblance between the absorption spectrum of neodymium 
chloride in glycerol and that of the same substance in water, but the former are 
rather closer to tho red end ; the absorption spectrum in ethyl chloride is very 
different from that in water. Tho absorption spectra of aq. soln. of neodymium 
acetate are loss intense, wider, and nearer the red end than with aq. soln. of the 
chloride. A. G. Wick found a press, of 3500 atm. had the same influence on the 
absorption spectrum of neodymium nitrate as cooling to —60'. 

The absorption spectra of aq. soln. of samarium salts are not very intense, but 
are characteristic ; the bands have been measured by C. Demarfay, 10 C. R. Bohm, 
J. L. Soret, L. J. Yntoma, L. de Boisbaudran, A. Bettendorf!, S. Forsling, G. Kriiss 
and L. F. Nilson, W. Prandtl, R. Thal^n, W. Muthmann and co-workers, etc. The 
strongest absorption is in the blue and violet regions. E. Demargay reported that 
a 20 per cent. soln. of tho nitrate in cone, nitric acid, with a soln. 13 mm. thick, has 
some complex bands : 5590, 5290, 4980, 4760, 4630, 4530, 4430, 4170, 4070, 4020, 
3900, 3750, and 3620. The bands 5290, 4530, 4070, and 3900 arc very feeble, being 
visible only with thick layers of soln., or in cone. soln. According to S. Forsling, 
maxima in the bands of the absorption spectrum of an aq. soln. of the chloride, are 
5600, 5001, 4804-4783, 4761-4727, 4632, 4443-4383, 4177, 4157, 4083, 4077, 4035- 



Fio. 10. — Absorption Speotrum of Samarium Chloride. 


4030, 4016-4007, 3942-3932, 3906, 3752-3742, 3738-3732, and 3630-3615 — vide 
Fig. 10. * The two samarium bands at 4632 and 4761 overlap the neodymium bands 
at 4610 and 4750, J, Becquerel measured the influence of the magnetic field and 
low temp, on the absorption spectra, H. C. Jones and W. W. Strong measured the 
absorption spectrum of samarium in non-aq. solvents. 

In 1881, W. Crookes 11 showed that many substances bombarded by cathode rays 
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emit a phosphorescent light which generally gives a continuous spectrum ; but leal 
frequently, the spectrum is discontinuous— cathodic phosphorescent spectrum* 
In studying the yttria earths he was attracted by a pair of orange bands of wave- 
length 5970 and 6030, which he attributed to an element X. He found that com- 
pounds of X are sensibly phosphorescent only when very intimately mixed with 
oertain other substances — e.g. compounds of calcium. He finally identified the 
element X with samarium. He assumed that samarium is a complex of four m$ta- 
elements. L. de Boisbaudran showed that purified substances are not sensibly 
phosphorescent when exposed to the cathode rays. The addition of another sub- 
stance may produce cathodic phosphorescence which increases in intensity as the 
proportion of the foreign matter increases until it reaches a maximum, and any 
further increase reduces the intensity of tho effect by dilution. The optimum 
addition for the maximum effect is independent of tho intensity of the cathodic 
rays, or of tho temp., although the latter may modify the spectrum. A similar 
result obtains with each band in the phosphorescent spectrum, although the effect 
on any band varies independently of the effect on other bands. The foreign material 
which induces tho phosphorescent effect is called the phosphor ogen. These sub- 
stances have been studied by G. Urbain, L. BrUninghaus, etc. — vide phosphorescent 
zinc sulphide. Purified lanthana gives no cathodic phosphorescent spectrum, and 
the reports by W. Muthmann and E. Baur, E. Baur and R. Marc, W. Crookes, and 
A. Bettendorf! are based on materials tainted with impurities. Praseodymium 
gives a red cathodic phosphorescence, when diluted with lime, with maxima at 6780, 
6700, 6340, 6265, 6200, 6065, 6045, 5790, 5570, 5527, 5405, 5355, 5255, 5170, and 
5110. Praseodymium sulphate also gives a red phosphorescence when diluted with 
calcium sulphate ; the maxima in the spectrum are at 6100, 6000, and 5876, Neo- 
dymia, diluted with lime, gives a cathodic phosphorescent spectrum with maxima 
at 5045, 4690, 4660, 4610, 4575, 4515, 4400, 4295, 4270, 4230, 4220, 4190, 3980, and 
3920 ; while neodymium sulphate diluted with calcium sulphate gives a broad band 
between 5770 and 5010. Samarium gives an orange-yellow, orange, or orange-red 
cathodic phosphorescence. The maxima in the system samaria-limo are at 6740, 
6605, 6470, 6265, 6150, 6052, 5865, 5762, 5683, 5561 , and 5486, the system samarium 
sulphate and calcium sulphate has maxima at 6425, 6180, 6040, 5950, 5855, 6630, 
5560, and 5300 ; the system samarium fluoride and calcium fluoride has tho maxima 
6530, 6220, 6190, 6042, 5725, 5713, 5675, 5580, and 5540; the system samana 
diluted with gadolinia has maxima 6670, 6550, 6450, 6295, 6165, 6075, 5985, 5840, 
5765, 5695, and 5655 ; and the system samarium sulphate diluted with gadolinium 
sulphate has maxima at 6455. 6355, 6035, 5980, 5885, 5610, and 5545. 

The X-ray spectrum of lanthanum has been measured by M. de Broglie, 12 and 
G. Kettmann; the X-ray spectra of lanthanum and ceriumby I. Maimer, and D.Coster 
and co-workers; and those of lanthanum, cerium, praseodymium, neodymium, and 
samarium by H. G. J. Moseley, G. Hertz, E. Friman, J. R. Rydberg, A. Dauvillier, 
and E. Hjalmar. In general, the spectra are simple with 4 or 5 lines at the most — 
vide X-ray spectra. The K-series for lanthanum was measured by F. C. Blake and 
W. Duane, and M. Siegbahn and E. Jonsson, who found for a^a'— 0 376 ; a 1 a=0*372 ; 
and PiP= 0*329; while for the L-series, D. Coster, G. Hertz, E. Hjalmar, 
G. Kettmann, and M. Siegbahn gave a 2 a , ~2‘66893; a^^’65968; Pip— 2'4533G ; 
P 2 y = 2*298 ; yi 8 = I 87382 ; ftv = 2*44426, and ft^ = 2*40531. For the K- 
series of cerium, F. C. Blake and W. Duane, and M. Siegbahn and E. Jonsson 
gave aja' =0*360 ; a x a =0’355 ; and piP=0*314 ; and for the L-series, D. Coster, 
5. Hertz, E. Hjalmar, and M. Siegbahn gave a^n' — 2*56511 ; axa = 2 55600 ; 
ftp = 2*35100; fty=2*20380; yi 8 = 2*04433 ; ft£ =2*19600 ; ftv=2*34480; Mid 
*40531. For the K-series of praseodymium, M. Siegbahn and E. Jonsson, 
gave a&' =0*347 ; c^a =0*355; ftp =0*314 ; and for the L-series, D. Coster, 
5. Hertz, E. Hjalmar, and M. Siegbahn gave a^a' = 2*46763 ; a^ct =2*45770 ; 
pjp = 2*25390 ; fty = 2*11468 ; = 1*95681 ; P 4 v * 2*254 ; and M = 2*21287. 

For the K-series of neodymium, W. Duane and T. Shimizu, and M. Siegbahn and 
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E. Jdnsson gave a 2 a'= 0*335; a i a = 0 , 330; and A/S =0*292; and for the L- 
series, D. Coster, G. Hertz, E. Hjalmar, and M. Siegbahn gave 02 a' = 2 37563 ; 
aja = 2 36531 ; Ai 8 =-2 16221 ; j8 2 y = 2 031; yi S = 1*87383 ; y 2 ^ = 1*801 ; 
A*> — 2*162; and A<£ — 2 12230. For the L-series of samarium, D. Coster, 
E. Hjalmar, and M. Siegbahn gave a 2 a'=2*20568 ; aja = 2*19501 ; j8 1 j3=l‘99357 ; 
Ay “ 1*877 ; y 1 8=1 72309 ; y^=l*6B7; and A0 =1-958. W. M. Hicks found 
that the line spectra of scandium, lanthanum, yttrium, and ytterbium show a 
doublet series. W. Duane measured the absorption frequencies of the X-rays for 
cerium. J. Carrera gave for the absorption coeff. for X-rays : La, 53*48 ; Ce, 53*53 ; 
Pr, 55*56 : Nd, 56*58 ; and Sm, 58*71, R. Pohl and P. Pringsheim studied the 
photoelectric effect with cerium. 

Cerium is a poor conductor of electricity. According to C. Benedicks, 13 the 
electrical conductivity is 0*0128 X 10° reciprocal ohms, at 18°, and for praseodymium, 
0*0114 X 10°, and for neodymium, 0*0130x10° reciprocal ohms. According to 
C. Benedicks, the sp. electrical resistance of cerium is 78x10“° ohms per cm. 
cube at ordinary temp., while A. Hirsch gave 71*6x10“° ohms. P. W. Bridgman 
found 0*001476 for the temp, coeff. of the resistance of an impure lanthanum 
between 0° and 100°, and for the press, coeff. in kgrms. per sq. cm. : 





Pressure coefficient. 


Temp. 

0° 

50° 

100° 

Resistance. 

1*000 

1*0750 

1*1476 

1) kgrm. 

-0*0,39 

-0*0,39 

J 2,000 kgrms. 
-0*0,25 
-0*0,36 

Average. 

-0*0,331 

-0*0,377 


C. Benedicks gave 79-88 microhms per cm. cube for praseodymium. P. W. Bridgman 
gave 0*000799 for the temp, coeff. of the resistance of neodymium, between 
0° and 95°, and for the press, coeff. in kgrms. per sq. cm. : 


Temp. Resistance. 
0 ° 1 0000 

r>o° 1 0400 


Pressure coefficient. 

6 kgrms. 12,000 kgrms. Average. 

-0*0,238 — 0*0,183 -0 0,213 

*-0*0,250 -0*0,197 — 0 0,220 


According to A. Hirsch, the electrode potential of cerium could not be successfully 
measured in alcoholic soln. of cerium chloride, because of the rapid formation of 
films on the metal ; but from the decomposition potential of normal cerium chloride, 
and the heats of formation and soln. of that chloride, the single potential of cerium 
in a iV-soln. of its chloride, measured against a normal calomel electrode, is —3*16 
vpits. 0. Erk, E. F. Smith, G. Bricout, etc., have shown that the electrolysis of 
soln. of cerous salts with platinum electrodes is attended by the anodic oxidation 
of the cerium, so that in neutral or feebly acid soln., ceric hydroxide or basic ceric 
salts are deposited on the anode, and in strongly acid soln., ceric salts pass into soln. 

J. Sterba found most of the cerous salt is oxidized. G. von Knorre thus oxidized 
91 per cent, of a soln. of ammonium cerous nitrate, and A. Job oxidized it all. 
G. Kolle found that a large anode surface, small cathode density, and an optimum 
temp, of 50° favour the oxidation. W. Krilitschewsky, and E. Miihlbach also 
studied the conditions of oxidation. E. Baur and A. Glassner, and E. Miihlbach 
have studied the oxidation potential ; and C. A. von Welsbach, and W. Krilit- 
schewsky, the possibility of using cerium accumulators with an electrolyte of 
lino, cerous, and ceric sulphates, a cathode of zinc amalgam, and an anode of carbon. 
The results are not satisfactory. A. Hevdweiller found the ionic velocity at 
infinite dilution to be lLa=50; and ^ = 53*5 at 18°; and A. Noyes and 

K. G, Falk, JLa = 72 at 25°. 

A, Hirsch measured the thermoelectric force of cerium against copper with the 
oold junction at 30°, and the hot junction at 49*2°, and found 0*000075 volt ; 100°, 
0*000250 volt ; 151°, 0*000387 volt ; and at 200*5°, 0*000502 volt. Cerium is 
paramagnetio ; the magnetic susceptibility, according to S. Meyer, is 12x10"* 
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C.G.S. units per gram ; M. Owen gives 15 xlO~* at 18°. The latter also found 
that a sample of lanthanum of doubtful purity was paramagnetic ; praseodymium 
and ueodymium are paramagnetic ; M. Owen found at 18°, 25xlO~* C.G.S. units 
for praseodymium ; and 36 X lO” 0 C.G.S. units for neodymium. B. Cabrera, and 
A. Dauvillier have discussed the magnetic properties of these elements. 
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} 10. The Chemical Properties of the Cerium Family of Metals 

C. A. Matignon 1 found that cerium, lanthanum, neodymium, praseodymium, 
and samarium readily adsorb h y dr oge n . 0 . Winkler heated ceric oxide with mag- 
nesium at a high temp, in an atm. of hydrogen and obtained cerium hydride mixed 
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with magnesia ; lanthanum behaved in a similar manner, furnishing ]®nfW 
hydride, LaH 3 . According to W. Muthmann and K. Kraft, cerium hydride iTb v 

obtained bypassing purified hydrogen over cerium turnings at 250 °- 270 ° ■ the 
metal burns with a brilliant dame, producing cerium hydride whose composition 
represented by some not very concordant analyses, corresponds with a mixture 
of cerium trihydride, CeH 3 , and of cerium dihydride, Ceff 2 . A. Hirsch, and 
A. S ieverts and G. M. Goldegg, studied the action of hydrogen on cerium and 
lanthanum resulting in the formation of the trihydrides. Lanthanum behaves 
similarly ; here the reaction begins at 240°, and the metal burns with a reddish- 
yellow light. F. Kellenberger and K. Kraft found the sp. ht. of cerium hydride 
to be 0 088915 and the mol. ht. 12*715, whence the at. ht. of hydrogen is 2*15, and 
that of cerium 6 27. The sp. ht. of lanthanum hydride is 0 087335, and the mol. 
ht. 1 2*34, which gives 2 06 for the at. ht. of hydrogen if the at. ht. of lanthanum 
bo 6'189. The hydrides were found by C. A. Matignon to be readily dissociated 
by heat. According to G. I. Tschukoff, the dissociation press, of cerium hydride 
at 450° does not exceed one mm. W. Muthmann and E. Baur found the dissociation 
press, of cerium and lanthanum hydrides at various temp. In each case, the press, 
did not remain constant at any given temp., but slowly changed. This was attri- 
buted to the hydrides undergoing a slow molecular change which is accompanied 
by a change in the dissociation press. When cerous hydride is shaken in a closed 
glass tube, it emits light. W. Muthmann and H. Beck prepared neodymium hydride, 
NdHjj, by the action of hydrogen on strips of the metal at 220° ; praseodymium 
hydride, BrH 3 , was obtained in a similar way. C. Matignon prepared the two 
last-named hydrides, and also samarium hydride, SaH 3 , by heating the oxides with 
magnesium in an atm. of hydrogen. W. Muthmann and co-workers state that the 
hydrides of cerium, lanthanum, neodymium, and praseodymium are brittle amor- 
phous solids, the cerium and lanthanum compounds are bluish-black, the neodymium 
compound is indigo-blue, and the praseodymium compound is green. W. Muthmann 
and K. Kraft said that cerium hydride is stable in dry air, but rapidly decomposes 
in moist air, often igniting spontaneously. When heated in dry air, hydrogen is 
evolved and a mixture of cerium dioxide and nitride is formed. When purified 
cerium hydride is treated with a slow stream of moist air, F. W. Dafert and 
R. Miklauz say that no ammonia is formed, but when allowed to take fire spon- 
taneously, the cerium formed by the dissociation of the hydride partly combines 
with nitrogen from the air, and then gives ammonia with moisture. Cerium often 
contains traces of nitrogen, with the result that the hydride then smells of ammonia 
on exposure to the air. J. Lipski found that when dry, purified nitrogen is 
passed over tho freshly prepared hydride in the cold, ammonia is formed rapidly — 
about one-half the possible quantity in three and a half hours ; the reaction, how- 
ever, soon becomes slower, probably owing to superficial formation of nitride. The 
reaction is CeH 3 -J--N.j~CeN-f-NH 3 . Raising the temp, to 200° increases the rate 
of reaction very little. F. W. Dafert and R. Miklauz observed no signs of the forma- 
tion of an imide or other compound containing hydrogen or nitrogen. According 
to W. Muthmann and K. Kraft, cerium hydride dissolves in acids, evolving hydrogen 
and forming cerous salts, and it is decomposed by moist air and alkali soln. with 
the liberation of hydrogen. Lanthanum, praseodymium, and neodymium hydrides 
behave in a similar manner. 

According to W. Muthmann and L. Weiss, cerium, praseodymium, and 
neodymium, preserve their lustre in dry air, but are tarnished in moist air. Lan- 
thanum tarnishes rapidly, even in dry air. When cerium is exposed to air it very' 
slowly acquires a yellow film which slowly turns bluish-green, and probably contains 
some cerium dioxide ; samarium tarnishes quickly in air and becomes coated with 
a yellow deposit, A. Hirsch found that cerium burns with luminescence when heated 
in air to 160 ° ; and if a lump of cerium, sealed in a glass bottle, be kept warm for 
some time, a black powder is formed on the surface of the cerium, and when the 
bottle is opened the powder ignites at the temp, of the room. He added that the 
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phenomenon is probably due to the formation of a highly pyrophoric cerium suboxide. 
When cerium is scratched with a steel needle, when filed, or when struck with a 
piece of flint, it emits showers of sparks. Cerium wire burns in Bunsen’s flame with 
a more intense light than does magnesium wire. Lanthanum wire burns brilliantly 
under similar conditions. The products of the combustion of cerium and lanthanum 
in air contain oxide and nitride. W. Muthmaun and K. Kraft give 150°-180° 
for the ignition temp, of cerium in oxygen, and 440M60 0 for that of lanthanum- 
under similar conditions, magnesium ignites at 540°, and aluminium at 580°. 
G. Tammann investigated the velocity of attack bv oxygen on cerium, and lan- 
thanum. H. C. Kremers and R. G. Stevens gave 445° for the ignition temp, of 
lanthanum. They found the metal is not pyrophoric ; but it is easily corroded 
even in dry air. N. N. Mittra and N. R. Dhar studied the induced oxidation of 
nickelous oxide during the primary oxidation of cerous hydroxide. 

A. Hirsch said that 98 per cent, cerium is very slightly attacked by cold water, 
but in boiling water there is a slow evolution of hydrogen, and the metal is tarnished 
black. Lanthanum slowly forms the hydroxide with cold water, and rapidly with 
hot water ; in both cases hydrogen is evolved. Praseodymium is also slowly 
attacked by cold, and rapidly by hot water. According to A. Hirsch, at room 
.temp., a cone. soln. of sodium hydroxide lias no action on the metal, but a boiling 
soln. has a slight action ; at the room temp., a soln. of ammonium chloride, or of 
potassium chloride, has a moderate action on the metal. This is explained by 
assuming that by the action of the water on the metal a small amount of cerium 
hydroxide is formed which is soluble in soln. of the salts in question ; a fresh 
surface of the metal is exposed to attack by the solvent, and the cycle of actions 
is repeated. The action is more pronounced with boiling soln. At room temp., a 
3 per cent. and a 30 percent. soln. of hydrogen peroxide have a slight action on the 
metal. Dil. nitric acid, ammonium chloride, potassium chloride, and 3 per cent, 
hydrogen peroxide at boiling temp, gave moderate action ; dil. sulphuric acid, 
cone, and dil. hydrochloric acid, cone, nitric acid and 30 percent, hydrogen peroxide, 
gave vigorous evolution of gas at boiling temp. 

According to A. Hirsch, when cerium filings an* heated in a stream of chlorine, 
they emit a bright light at 210° *215°, forming anhydrous cerous chloride; the 
action with bromine at 215° -220° is similar to that with chlorine, but it is not 
quite so vigorous. No light is emitted when iodine vapour acts on the metal at 
300°, but some cerous iodide is formed. Lanthanum behaves similarly. 6il. and 
cone, hydrochloric acid in the cold act vigorously Oil cerium. When cerium filings 
are heated in the vapour of sulphur, some cerium sulphide is probably formed, since 
the product gives off hydrogen sulphide when treated with an acid. Both selenium 
und tellurium react vigorously when added to molten cerium. With Belenium,the 
product forms a powder which is impure cerium selenide, and a pyrophoric alloy 
which is a soln. of the selenide in an excess of cerium; with tellurium, a brown 
pulverulent telluride is formed, and this gives off hydrogen telluride when treated 
with acids. At room temp., dil. sulphuric add acts vigorously on cerium, but the 
cone, acid has no perceptible action on cerium either in the cold or at the b.p. 
Cold cone, sulphuric acid has but little action on lanthanum, although the dil. 
acid attacks it rapidly. 

A. Sieverts and G. M. Goldegg found the absorption of nitrogen to be very slow. 
According to A. Hirsch, when cerium is heated to about 1000° in a stream of 
nitrogen, no luminescence occurs, but some nitride is formed ; and, according to 
C. A. Matignon, when a mixture of the oxides of one of the five cerium metals is heated 
with magnesium in a stream of nitrogen, the corresponding nitride is formed. 
Cone. aq. ammonia has no visible action on cerium, neither at room temp, n'or at the 
b.p. The action of dil. or cone, nitric add is moderately vigorous in the cold, and 
a brown crust of the dioxide is formed. Nitric acid oxidizes lanthanum violently* 
H. Beck found that heated cerium readily reacts with phosphorus, forming a series 
of phosphides. A. K. Goard and E. K. Rideal investigated the catalytic oxidation 
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oi menites from the point of view of the oxidation potentials. A. Hirsch 
found that when cerium is heated with arsenic, an endothermal reaction ensues 
and a soft somewhat pyrophoric alloy is formed , which does not decompose 
when kept ; • with antimony, much heat is evolved, and when freshly made, 
the alloy is pyrophoric ; it disintegrates to a powder when kept for a few months 
in air. J. Kelle rmann studied the alloys of cerium with arsenic and antimony. 
H. Kunheim patented the use of arsenic or antimony with the cerite metals for 
the preparation of pyrophoric alloys ; and J. Kellermann, alloys with bismuth. 
According to R. Vogel, cerium and bismuth combine with great development of 
heat. Porcelain tubes are rapidly corroded, but carbon tubes may be used, and 
the alloys are not seriously contaminated with carbide. The thermal effects are 
often small, and the micro-structure has been largely employed in determining the 
form of the diagram. The sections must be polished with wet alumina, but they 
oxidize very rapidly, and the polished surfaces cannot be preserved. Four com- 
pounds are formed : cerium tritabismuthide, BiCeg, cerium tritetritabismuthide, 
*Bi 3 Ce 4 , cerium bismuthide, BiCe, and cerium dibismuthide, Bi 2 Ce. Cerium 
tritetritabismuthide, Bi 3 Ce 4 , melts at 1630°, and appears as a maximum on the 
f.p. curve. It crystallizes in polygonal grains. Cerium tritabismuthide, BiCe^ 
is formed at 14(X)°, and is softer than cerium tritetritabismuthide, Bi 3 Ce 4 . It 
forms a eutectic with cerium at 757°. Cerium bismuthide, BiCe, is formed at 
1525°, and cerium dibismuthide, Bi 2 Ce, at 882°, whilst the second eutectic point 
practically coincides with the m.p. of bismuth. All the alloys are more readily 
attacked by water than is cerium alone ; the action of water on alloys with between 
25 and 75 per cent, of bismuth may even raise them to incandescence. 



Per cent of bismuth Per cent. of silicon 

Fio. 11. — Freezing-point Curve o! Fio. 12. — Freezing-point Curve of 

Alloys of Bismuth and Cerium. Alloys of Silicon and Cerium. 


A. Hirsch found that when cerium is heated with carbon, the two elements 
readily react, forming a carbide ; and when the metal is heated to 500° in an atm. of 
oarbon monoxide, there is no visible reaction, although part of the cerium is oxidized. 
W. Muthiuann and K. Kraft found that both lanthanum and cerium reduce carbon 
dioxide and carbon monoxide, forming ceric oxide, and both ethylene and acetylene 
react with lanthanum, furnishing the hydride and carbon. S. Medsforth investi- 
gated the effect of cerium oxide in promoting the activity of nickel in reducing 
the carbon oxides by hydrogen. A. Hirsoh found that at room temp., ethyl 
alcohol, amyl aloohol, chloroform, and carbon tetrachloride have no visible action 
on cerium ; and ethyl ether has but a slight action ; at the b.p., chloroform and 
oarbon tetrachloride have no action on cerium, while the action with ethyl or 
amyl alcohol or ethyl ether is but slight. W. Muthmann and K. Kraft found 
that methyl chloride reacts with cerium between 500°-6Q0° giving a mixture of 
carbon and cerium chloride and hydride : 3CH s Cl-f 4Ce— CeCl 3 -f 3CeH 8 -f3C. 
A. K. Goard and E. K. Rideal studied the catalytic oxidation of fQgiZf by 
oerous salts from the standpoint of the oxidation potentials. A. Hirsch found 
that cerium reacts with silicon, forming cerium suicide, CeSi; the same com- 
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ound is obtained by heating cerium oxide with silicon. According to R. Vogel, 
ho fact that cerium combines with lead and tin with development of heat, form* 
ig several compounds, indicates that it does not belong to the same chemical 
family of the fourth group. It is now found, that it combines with silicon at high 
temp, with great violence. It has not been found possible to prepare alloys con- 
taining more than 70 per cent, of cerium, as combination does not take place until 
1400°, and the heat developed brings about the destruction of the containing vessel, 
or, if carbon crucibles be used, there is a considerable production of cerium carbide, 
in which case the alloys rapidly disintegrate in air. Solid silicon floats on molton 
cerium, and at a sufficiently high temp, combines explosively. Between 0 and 
70 per cent. Ce the f.p. curve has two branches, intersecting at 1240° and 53 per 
cent. Ce. The eutectic times indicate that the maximum on the curve must be at 
83 per cent. Ce, corresponding with a compound, cerium silicide, CeSi, melting 
above 1500°. This compound forms yellow, rounded crystallites, and the eutectic 
has a distinct lamellar structure. Free silicon crystallizes in needles, which are 
harder than the compound. The alloys are brittle, very stable in air, and are not 
pyrophoric. Molten cerium attacks silicates ; porcelain crucibles are attacked, and 
a layer of cerium silicide is formed which protects the material from further attack ; 
and the silicide does not appear to dissolve in the metal. Magnesia crucibles arc best 
used for melting the metal. The reducing action of cerium, or of a mixture of the 
cerium group of metals— with or without aluminium or magnesium — on the metal 
oxides, was proposed by R. Escales, in place of that of magnesium or of aluminium 
in the thermite process. 

The alloys of the cerium metals.— The cerium metals, so far as they have 
been examined, readily form alloys with other metals. The alloys are usually 

brittle, and can be readily pulverized. Various 1 , 200 " . f y- - -y. , — 

alloys were described by L. Quillet. The follow- .. . .. 

ing deals with the alloys of those metals which //w N CuCc 

have already been discussed in this treatise. 

According to A. Hirsch , 2 sodium dissolves § 

quietly in cerium, forming a hard, slightly 5 V ! ^ ,? > / 

pyrophoric alloy, which is somewhat oxidized g. . y _ W/ 

on exposure to air. He also found that when ^ c __._Xy 

cerium and copper are melted together under * 

a layer of sodium chloride in a magnesia cru- L 

cible, there is formed a hard and brittle alloy, ^ ! v 

although the two components are soft and J J] ]J 

malleable. The alloy disintegrated to a powder 0 M no 

, . J rr , 0 u Per cenC of ccnum 

on exposure to a.r. The copper-cerium alloy* _ Kr ee Z i» g point Curve of 

were mentioned by W. Borchere, H. Keller- Copper-Cerium Alloys, 

mann, and F. Fattinger as illustrations of the 

great faculty possessed by cerium of alloying with the metals. L. Stockem prepared 
some copper-cerium alloyB by melting in an electric arc furnace a mixture of carbon 
with cerium and copper oxides, and also by applying the thermite aluminium 
process to a mixture of cerium and copper oxides. A. Hirsch, and F. Hanaman 
melted the two metals under a layer of fused alkali chloride by adding the cerium 
to molten copper, or vice versa for alloys with over 80 per cent, of cerium. The f.p. 
curve, Fig. 13, has two well-marked maxima, corresponding with cerium hftXfr* 
cupride, CuflCe, which melts at 935°, and cerium dicupride, Cu^Ce, melting at 
820°. There are also two compounds which are formed by reactions between solid 
and liquid, thus giving rise to breaks in the f.p. curve ; cerium tetracupride* 
Ci^Ce, at 780°, and cerium cupride, CuCe, at 514°. There are three eutectic points, 
at 875°, 757°, and 415°, occurring at 17 per cent., 44 per cent., and 84 per cent, of 
cerium respectively. Solid soln. are not formed. The hardness curve of the allots 
has two pronounced maxima, corresponding with the compounds Cu*Ce and Cu»de, 
the former being nearly four times as hard as copper. The colour of the alloys 
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resembles that of copper as far as the first eutectic ; from that point to the third 
eutectic it resembles that of bronze, and then becomes steel-grey. Only those 
alloys which lie between 55 per cent, and 85 per cent. Ce are pyrophoric. Those 
containing less than 30 per cent. Ce are stable and retain their colour in air; 
richer alloys soon disintegrate. G. Tammann studied the electrode potential and 
chemical behaviour of the Ce— Cu alloys. A. Hirsch observed that silver forms alloys 
with cerium with but a small thermal change. The alloy has a silvery white lustre, 
and is hard and brittle. A compound is probably formed. When gold is added 
to molten cerium, there is a slight flash from the crucible, but the reaction is not 
violent. The alloy is fairly soft, and has a reddish colour. It disintegrates to a 
very dark purple powder when allowed to stand in air. 

M. Moldenhauer obtained alloys of cerium and calcium by reducing cerous 
fluoride with calcium ; and A. Hirsch, by melting the two metals under a layer of 
alkali chloride. The combination occurs quietly without the evolution of much 
heat ; the alloys are white and harder than either constituent. When scratched 
with a file, the alloy emits a shower of bright sparks. It is stable in air, oxidizes 
very slowly, and does not disintegrate. W. Muthmann and H. Beck, A. Hirsch, 
and R. Vogel also prepared alloys of magnesium and cerium — A. Hirsch by a pro- 
cess like that used for calcium-cerium alloys, and R. Vogel by melting an intimate 
mixture of the two elements in a carbon crucible at a temp, not exceeding 900°. 
The f.p. curve has maxima at 738° and 780°, corresponding with the compounds 
cerium magneside, CeMg, and cerium trimagneside, CeMg 3 , and a break at 620°, 
corresponding with cerium enneamagneside, CeMg 0 . A minute maximum at 632° 
is also inferred, due to cerium tetritamagneside or quadrantomagneside, Ce 4 Mg. 
Solid soln. are only formed between cerium magneside and cerium trimagneside, whilst 
cerium quadrantomagneside breaks up into cerium and cerium magneside at 497°. 
This is inferred from the microscopic structure, which is developed by heat-tinting. 

Alloys corresponding with the compounds cerium quadrantomagneside and 
cerium magneside are pyrophoric. Cerium magneside is hard (5 on Mohs’ scale), 
and oxidizes rapidly on heating. When containing magnesium in solid soln. the 
compound explodes violently in Bunsen’s flame, the magnesium vapour being en- 
closed in a crust of oxide. Moist air at the ordinary temp, has very little action. 
Cerium trimagneside is still more stable towards air and acids, and is not pyrophoric. 
Cerium enneamagneside is softer, and brittle. It falls spontaneously into fragments, 
which retain their silvery lustre, indicating some polymorphic change. According 
to A. Hirsch, most of the alloys arc brittle and can be pulverized, but those with 
75 to 85 per cent, of cerium are so highly pyrophoric that it is difficult to pulverize 
them without ignition. The alloys with the higher proportions of cerium furnish 
excellent flash-light powders ; and they are also splendid reducing agents, as the 
combination of cerium and magnesium is an endothermic reaction, and when the 
alloy is oxidized, more heat is emitted than from an eq. mechanical mixture of the 
two constituents. The fact that the alloys of from 60 to 75 per cent, cerium content 
may be easily pulverized in a mortar to a fineness of 200 mesh should render these 
alloys valuable for thermal reductions. The optical constants of cerium metal 
could not be obtained because of the formation of a film of oxide on the surface, but 
the indices of refraction and the coeff. of absorption for magnesium-cerium alloys 
were : 


Per cent, cerium 

. 0 

26 

61 

83 

Refractive index 

. 0 32 ' 

0-73 

1*43 

1*60 

Absorption coeff. 

. I’74 

2-30 

4*79 

120 


W. Muthmann and H. Beck state that 84 9 cals, are absorbed in the formation 
of a gram of the alloy with 46 94 per cent, of cerium ; and the heat of combustion 
is 3962‘4 cals, per gram. The sp. gr. of the alloy is 2*744 ; it is silver-white, and very 
brittle ; it does not change in air, but burns with an intensely bright flame ; it is 
readily attacked by dil, acids, with the evolution of hydrogen ; at 200°-4Q0° in 
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hydrogen, cerium hydride is formed ; and at 900° in air, nitrides of the two metals 
are formed. 

A. Hirsch, and W. Muthmann and H. Beck found that lino unites with molten 
cerium with explosive violence, and a large amount of heat is evolved. A. Hirsch 
said the alloy he prepared was hard, brittle, pyrophoric, and remained unoxidised 
on exposure to air, but W. Muthmann and H. Beck found the alloy with 32*75 per 
cent, of cerium is bluish-white, and very brittle ; its m.p. is high ; its heat of forma- 
tion is 94 ’48 cals, per gram ; its heat of combustion is 1305 ’5 cals, per gram ; it 
oxidizes readily on exposure to air; dissolves in dil. acids; and forms cerium 
hydride when heated to 200°- 400° in hydrogen. F. Clotofsky found that the electro- 
motive behaviour of cerium-zinc alloys show the existence of two compounds, cerium 
quadr&ntozincide, or tetrit&zincide, Ce 4 Zn, and cerium hemirincide, Ce 2 Zn. Tho 
velocity constants of the formation of the former was computed to be 4xl0 77 , 
and of the latter 10 57 . A. Hirsch found that cadmium unites vigorously with 
cerium, and much heat is evolved. The alloy 
is hard, brittle, and pyrophoric. On exposure 
to air, a film of oxide is formed, but the alloy 
does not disintegrate. C. Winkler noted that 
cerium dissolves in mercury, and by this solvent 
he extracted the metal from the products of 
the reduction of ceric oxide with magnesium. 

W. Kettembeil found that it is not possible to 
prepare amalgams of cerium and of praseodym- 
ium or neodymium by the electrolysis of salts 
of these elements using a mercury cathode. 

A. Hirsch also found that cerium readily forms 
amalgams ; those with up to 2 per cent, of 
cerium are liquid ; the others are solid. The 

amalgams readily oxidize in air ; and those 
with 8-10 per cent, of cerium fire spontaneously 
on exposure to air. According to H. Beck, amalgams containing between 10 and 16 

per cent, of cerium, possess the property of igniting spontaneously in the air ; with 

a content greater than 40 percent. Cc, they ignite rapidly in these conditions and 
throw out intense sparks which give an exceedingly bright light. The intensity of 
production of the sparks increases with the proportion of cerium up to a content of 
80 per cent., after which the pyrophoric power considerably decreases. The alloys 
can be obtained by heating the finely divided rare metal in a closed vessel in con- 
tact with mercury vapour at a temp, of 500°~600° G\, the intensity and duration of 
the heating being adjusted according to the amount of mercury it is desired to absorb. 
W. Muthmann and H. Beck found that a liquid amalgam of cerium, containing 2*74 
per cent, of the metal, and a solid amalgam, containing 10*41 per cent., can be 
prepared by adding cerium to boiling mercury in an atm. of carbon dioxide. The 
amalgams react with water with the evolution of hydrogen, and become covered 
with a very voluminous coat of ceric hydroxide in moist air ; spontaneous com- 
bustion frequently takes place. 

A. Hirsch found aluminium unites with molten cerium quietly, forming a hard, 
brittle alloy which disintegrates without oxidation. 0. Barth, and W. Borchers 
made cerium-aluminium alloys by adding cerium fluoride to the electrolyte employed 
in the manufacture of aluminium, and it is claimed that it improved the tensile 
strength and elongation of aluminium without interfering with its working qualities 
The alloys have been studied by J. Schulte, and by H. W. Gillettand V. H. Schnee; 
the latter reported that the U8e of cerium in aluminium alloys is “ an expense not 
attended by any benefit.” According to R. Vogel, cerium and aluminium may be 
melted together at 1100°, when combination occurs and the temp, rises to 1600°- 
1700°. Repeated remelting is necessary in order to obtain a homogeneous mixture. 
The development of heat is a maximum at the composition of cerium tetraluflrinide, 
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CeA^. Alloys rich in aluminium are fused in carbon tubes, and the remainder 
in porcelain tubes, which are very little attacked at 1100°. Many of the thermal 
changes in the system are indistinct, and the diagram has been completed from 
microscopical observations. The f.p. curve, Fig. 15, has two maxima, at 614°, 
corresponding with the compound cerium tritaluminide, Ce 3 Al, and at 1460°, 
corresponding with cerium dialuminide, CeAl 2 . There are also breaks at 595°, 
780°, and 1250°, corresponding with the formation of the compounds cerium 
hemialuminide, Ce 2 Al, cerium aluminide, CeAl, and cerium tetraluminide, CeAl 4 , 
respectively. The last compound undergoes a transformation at 1005°. There 
are three eutectic points, and solid soln. are not formed. L. Guillet also obtained 
these five aluminides. The alloys, with the exception of those containing more 
than 75 per cent. Ce, are stable towards air and water. Cerium dialuminide is 
hardly attacked by cone, hydrochloric, nitric, or sulphuric acid, but burns 
vigorously when heated in Bunsen’s flame. Only the alloys richest in cerium 


‘ give sparks when filed. The maximum hard- 

ness, 6 on Mohs’ scale, is given by cerium 
dialuminide, CeAl 2 . W. Muthmann and 
H. Beck found needles or prisms of cerium 
tetraluminide remain when an alloy of the 
^ two metals is treated with a soln. of alkali 
hydroxide. The alloy is brittle. The crystals 
are rhombic or monoclinic with the axial ratio 
a : 6=0 7706 : 1. The sp. gr. is 4*183 ; the 
heat of combustion is 3441*19 cals, per gram 
3001 . i i ,-i ) | in j p « when the calculated value is 3940‘5 cals, per 

[ . 1.1 [ ] _] III | | Vj gram ; and the heat of formation is 499*3 cals. 

0 iff , *° m 80 100 Lanthanum was found by W. Muthmann and 

Pm is _w “ •To" Beck t0 furmstl lanthanum tetraluminide, 

AlumimumSium n AUoyT ° LaA1 *' in crystals isomorphous with those of 
the cerium compound. The monoclinic or 
rhombic crystals have the axial ratios a : 6 : c=0*7517 : 1 : — ; the sp. gr. is 3*923 ; 
the heat of combustion, 3481*6 cals, per gram ; and the heat of formation 395*4 cals. 
The aluminium alloys of cerium and lanthanum are very stable ; are not affected by 
exposure to air ; are not attacked by nitric acid, and are dissolved by hydrochloric 
acid and aq. potassium hydroxide, but less readily than their components. The 
alloy known as Mischnetall , CermischrnetaU , or Ceritemetall, is obtained by the 
electrolysis of a mixture of the chlorides of the cerium earths from monazite sand 


— containing roughly 45 per cent. Ce 2 0 8 ; 25 per cent. La 2 O a ; 15 per cent. Nd 2 O a ; 
and the remainder contains the sesquioxides of praseodymium, samarium, and 
yttrium metals. Consequently, the mischmet&ll is a mixture of the rare earth 
metals — cerium, lanthanum, neodymium, praseodymium, and samarium — with 
more or less of the yttria earth metals. A. Sieverts and G. M. Goldegg studied the 
action of hydrogen and nitrogen on the misc hm etals. 

Reactions oi analytical interest. — As previously indicated, the rare earths are 
isolated by removing silica by evaporation with hydrochloric acid, and precipitating 
the hydrogen sulphide group. The gas is expelled from the filtrate by boiling, and 
treated with a boiling soln. of oxalic acid added slowly with constant stirring. The 
washed and ignited precipitate is dissolved in the minimum quantity of acid, a 
little alcohol is added to reduce the ceric to cerous salts, and an excess of potassium 
sulphate is added. After standing a few hours, the precipitate is washed with a soln. 
of potasrium sulphate. The filtrate contains the yttrium and terbium earths ; 
the precipitate, the cerium earths as sparingly soluble double sulphates. The pre- 
cipitate is dissolved in dil. hydrochloric acid, precipitated with oxalic acid, washed, 
dried, and ignited. The oxides can be dissolved in hydrochloric acid and the 
components separated as previously described. 

The general reactions of soln. of cerous, lanthanum,- praseodymium, neodymium. 
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and samarium salts are as follows : A precipitate of the hydroxide, R(OH) 5 , is 
produced by ammonium hydroxide or ammonium sulphide ; the precipitate is not 
soluble in an excess of the reagent, but is readily soluble in acids. The precipitation 
does not occur if much citric or tartaric acid be present. The colour of the precipitate 
with cerous and lanthanum hydroxides is white ; with samarium hydroxide, faintly 
yellow ; with praseodymium hydroxide, green ; and with neodymium hydroxide, 
blue. Cerous hydroxide gradually oxidizes and becomes yellow on exposure to air. 
W. Biltz 3 showed that lanthanum hydroxide is peculiar in adsorbing iodine and 
acquiring a blue colour like starch. The blue colour is destroyed by acids and 
alkalies. The hydroxides are also precipitated by soln. of potassium Ot sodium 
hydroxide. According to R. J. Meyer and co-workers, with sufficient tartaric acid, 
the precipitation by sodium hydroxide is completely prevented ; potassium hydroxide 
precipitates double potassium tartrates with the members of the yttrium group 
provided the soln. is boiling ; and ammonium hydroxide precipitates double am- 
monium tartrates of the members of the yttrium group from cold soln. and the 
precipitates become crystalline when warmed. Precipitates of the carbonates or 
basic carbonates are produced by soln. of potassium, sodium, or ammonium car- 
bonate ; the precipitate is very sparingly soluble in an excess of the reagent. Pre- 
cipitated lead carbonate gives no precipitation, but barium carbonate slowly 
precipitates all the ceria earth from cold soln. With oxalic acid, or ammonium 
oxalate, a precipitate of the oxalate is obtained which is almost insoluble in oxalic 
acid, but slightly soluble in a soln. of ammonium oxalate. A crystalline double salt 
is precipitated by potassium, sodium, or ammonium sulphate, the double salt is 
sparingly soluble in cold water, fairly soluble in hot water, and almost insoluble in 
a sat. soln. of the alkali sulphate. A boiling soln. of sodium acetate or of sodium 
thiosulphate gives no precipitation. Neutral or slightly acid soln. give no pre- 
cipitate with hydrogen dioxide. With tartaric acid, no precipitation occurs. With 
hydrofluoric acid, the sparingly soluble fluoride is precipitated and the salt is in- 
soluble in soln. of alkali fluorides, but appreciably soluble in hot mineral acids. 
With iodic acid, the iodates are precipitated, and they are readily soluble in nitric 
acid. 

Cerous salts are readily oxidized in acid soln. by the action of lead dioxide and 
nitric acid ; by persulphates ; by anodic oxidation ; etc., as previously described. 
Ceric salts are readily reduced to cerous salts by the usual reducing agents — alcohol, 
hydriodic acid, hydrogen sulphide, sulphurous acid, hydrogen dioxide, nitrous acid, 
ferrous sulphate, etc. Ceric salts give a precipitate of ceric hydroxide when treated 
with ammonium hydroxide or sulphide, or an alkali hydroxide. Sodium or 
potassium carbonate gives a precipitate, almost insoluble in an excess of the reagent ; 
with ammonium carbonate the precipitate dissolves in a large excess of the reagent, 
but is reprecipitated on boiling the soln. Lead carbonate precipitates ceric 
hydroxide ; barium carbonate precipitates all the cerium from cold soln. Oxalic 
acid, ammonium oxalate, and tartaric acid reduce ceric to cerous salts— q.v. Ceric 
salts give a precipitate with potassium sulphate, but not with sodium or ammonium 
sulphate. Sodium acetate precipitates a basic acetate from a boiling soln. Sodium 
thiosulphate gives a precipitate of ceric hydroxide. Iodic acid precipitates ceric 
iodate sparingly soluble in nitric acid. 

W. Gibbs 4 proposed the lead dioxide test for ceria in 1864. It is based on the 
more intense coloration exerted by ceric salts, when cerous salts are oxidized. A 
soln. of cerium sulphate with the eq. of 0'000025 grm. of ceria, when boiled with lead 
dioxide and nitric acid (1 : 2), gives a faint yellow colour under conditions where 
the untreated soln. gives no coloration. W. Gibbs later replaced lead dioxide by 
bismuth tetroxide, and detected 0 00001 7 grm. of ceria under similar ednditions. 
W. N. Hartley claimed that 0 00001 grm. of ceria can be detected by the action of - 
ammonium acetate and hydrogen dioxide, although L. de Boisbaudran, and 
P. T. Cleve found ammonium hydroxide and hydrogen dioxide is far more sensitive 
P. C; Plugge added a drop of a soln. of one part of strychnine in 1000 of sulphuric 
VOL. v. 2 R 
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acid to the dry mass obtained by evaporating an alkaline soin. He found that 
0*0001 part of ceria gave a blue or violet tint which changed to a reddish colour ; 
0*00001 grm. of ceria gave a faint blue which rapidly faded. The strychnine test 
does not work if oxalic acid be present. 

The uses of the cerium earths. — According to E. Stern, 5 in 1913, about 3300 tons 
of monazite were consumed annually in producing the 300 tons of thorium nitrate 
used in making incandescent mantles ; about 315 million mantles were made in 
that year. About 100 tons of ceria were obtained as a by-product. Of this, about 
3 tons were used in making gas mantles ; 200 tons in making pyrophoric alloys ; 
and 300 tons of cerium fluoride in impregnating arc-light carbons. C. R. Bohm 
has discussed the applications of the rare earths in his Die V erwendung der seltenen 
Erden (Leipzig, 1913). For gas mantles— vide the uses of thorium. A mixture of 
100 grms. of thorium nitrate ; 0*8 to 01 grm. cerium nitrate ; 02-0'5 grm. beryllium 
nitrate ; and 010 to 0'25 grm. of magnesium nitrate is employed for impregnating 
the mantles. Mantles for high-press, gas may have 2 8 per cent, of ceria. For 
stamping the mantles before burning off, a soln. containing didymium nitrate is 
used. A little yttria earth, along with thoria and zirconia, is employed in making 
the filaments for Nernst’s lamps. The pyrophoric alloys are used in the manufacture 
of modern automatic gas lighters, petrol lighters, cigarette lighters, for indicating 
the path of projectiles in the so-called tracer shells and tracer bullets, etc. Here, 
the “ flint and steel ” of our forefathers is revived ; the steel is replaced by the so- 
called pyrophoric alloys. It has been known for a long time that metals other than 
steel give pyrophoric sparks when struck. Thus, G. Chesneau observed that sparks 
can be detached from uranium by friction with hard steel, and these sparks instantly 
ignite mixtures of methane and air, and alcohol, benzene, or light petroleum poured 
on cotton. The estimated temp, is over 1000°. The sparks detached from steel 
have not so high a temp, since they ignite none of these gases and vapours. The 
term pyrophoric alloy is applied to those brittle metals or alloys which, when struck 
with hard steel, furnish a shower of small particles which are heated sufficiently to 
allow them to ignite. The cerium family of metals also gives sparks, but the metals 
are too soft to be useful. C. A. von Welsbach found that cerium, or mischmetall, 
when alloyed with iron, cobalt, or nickel, becomes brittle enough to enable the alloys 
to be employed for the purpose. The alloy with 35 per cent, of iron and 65 per cent, 
of mischmetall is called auer-metal. Numerous other alloys with cerium or misch- 
metall have been patented. The so-called kunheim-metal was patented by 
H. Kunheim. It contains hydrides of some of these metals. Its composition 
approximates : mischmetall, 85 per cent. ; magnesium, 10 ; aluminium, 1*0 ; iron, 
0*5 hydrogen, 1*3 ; and silicon, 0‘5. H. Kunheim patented alloys with particles 
of carborundum, boron, silicon, metals, oxides, peroxides, salts, phosphorus, sulphur, 
arsenic, and antimony. H. Kellermann, R. Grimshaw, R. Kremann and co-workers, 
J. F. G. Hicks, B. Simmersbach, J. Camillo, and G. Olsen have described many others. 
H. Beck found that alloys of mercury with mischmetall or cerium can be made to 
ignite spontaneously in air and then give off bright sparks, provided the amalgam 
is mixed with an oxidizing agent such as a chlorate. B. Simmersbach has reviewed 
the history of the cerium-alloy industry. A. Hirech suggested the use of magnesium- 
oerium alloys as flash-light powders. G. Senftner proposed utilizing the pyrophoric 
alloys as arc-lamp electrodes either mixed with the carbon, or alone. The incorpora- 
tion of salts of cerium, particularly the fluoride, in carbons used for arc-lamp elec- 
trodes, has been patented. C. W. von Siemens used cerium, lanthanum, and 
didymium tungstates or molybdates. It is claimed that the arc then gives a more 
intense light, and burns easily and quietly. The use of cerium fluotitanate was 
patented* by the General Electric Co. Cerium nitride and carbide have been tried 
as a filament for incandescent electric lamps by the General Electric Co.— but with 
no commercial success. 

Glasses for railway carriages in hot countries have been mixed with a little 
nickel and manganese oxides with the idea of cutting off the heat rays of the sun 
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without interfering appreciably with, the transparency to luminous rays. W. Crookes 
suggested introducing ceria with the same object, and for making glare-reducing 
spectacles, etc. 0. Schott discusses the use of ceria for tinting glass yellow ; ana 
of didymia for making blue optical glass. W, Muthmann and co-workers discuss 
the use of neodymium phosphate for produciug an amethyst-red porcelain colour ; 
and of praseodymium phosphate for producing a bright green— mixtures produce 
intermediate tints. Cerium titanatc produces a bright yellow colour ; cerium 
molybdate,* a bright blue ; cerium tungstate, a bluish-green ; cerium mangani- 
titanate, an orange-yellow ; and neodymium tungstate, a bluish-red. R. Rickmann 
and E. Rappe discussed the use of cerium dioxide as a yellow opacifying agent 
for glass and enamel. 0. N. Witt, G. Matschak, C. Baakcrville and T. B. Foust, 
and R.Gnehm discuss the use of cerium salts as a mordant in dyeing cotton, etc. ; 
E. Stern, the weighting of silk ; and F. Garelli, W. Eitncr, and M. Parcnzo, tho 
dyeing and tanning of leather; and A. ami L. Lumtere, and A. Seyewetz and 
J. T. Gateau, in photography. There is a patent by C. A. von Welsbach for the use 
of cerium sulphate for accumulators, and W. Krilitschewsky found that such accu- 
mulators had some advantages over those made of lead. W. Pliiddemann, and 
V. Holbling and H. Ditz discuss the use of cerium earths as catalysts in the 
oxidation of sulphur dioxide to sulphur trioxide— but the suggestion does not appear 
to be of any industrial use ; and H. Ditz and B. M. Margosehes, the production of 
chlorine by passing a mixture of hydrogen chloride and air over cerium chlorides 
heated to 350°-480°. H. Kunheim and N. Whitehousc found that cerium hydride 
and nitride serve as catalysts in the union of hydrogen and nitrogen to form 
ammonia, but the catalyst does not retain its activity very long. J. Bekk, and 
M. Reimer tried cerium dioxide in place of platinum as catalyst for rapid organic 
combustions. K. Kruis, H. Btihrig, and 0. N. Witt discuss the use of alkali cerium 
sulphates as catalysts in the production of aniline black by the action of alkali 
chlorate or chromate on aniline, While alloys of the cerium earth metals are very 
strong reducing agents and reduce columbium, tantalum, zirconium, cobalt, nickel, 
chromium, manganese, vanadium, tungsten, uranium, boron, silicon, etc., from 
their oxides on a small scale. Acid soln. of ceric salts are strong oxidizing agents, 
and A. Meister and co-workers claim that they are more efficient than chromates 
for the production of aldehydes and qui nones from aromatic hydrocarbons. 

Cerium salts arc used to a very limited extent in therapeutics. Like bismuth, 
they act as a sedative. "Mixed cerium earth oxalates in small doses have been 
recommended to prevent nausea in cases of stomach catarrh, pregnancy-sickness, 
mal de mer, etc. ; didymium salicylate is sold under the trade-qame dytnal as a 
non-irritant antiseptic dressing for wounds ; double ceric sulphates have been sold 
under the trade-name ceriform for the same purpose. E. Sobering recommended 
cerium phenolatc as a less toxic disinfectant than phenol, but with the same 
efficiency. The chlorides of the rare earths arc said to act like ferric chloride in 
stopping bleeding ; and proposals have been made to use cerous bromide in place 
of alkali bromides. 
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§ 11. The Valency of the Rare Earth Metals, and their Position in the 
Periodic System 

At the beginning of the nineteenth century, J. J. Berzelius 1 regarded ceria and 
yttria as dioxides, assigning to them the formulae respectively Ce0 2 and Y0 2 ; and he 
gave ceric oxide the formula Ce0 3 . Influenced by the applications of P. L. Dulong 
and A. P. Petit’s rule, and the law of isomorphism, J. J. Berzelius admitted the 
existence of sesquioxides, and in 1826, he altered the formulae of ceria and yttria to 
CeO and YO respectively, and that of ceric oxide to Ce 2 0 3 . Up to 1870, the formulae 
of the rare earths, lanthana, didymia, yttria, erbia, and terbia were written RO 
because their strong basic characters were considered to be analogous with those 
of the alkaline earths. Ceria was given the formula CesO^ and H. Zschiesche 
supposed it to be a mixture of the oxides CeO and Ce0 2 analogous with red-lead. 
This explanation could neither be proved nor disproved with the then state of 
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knowledge of the ceric salts. In 1870, D. I. Mendeleeff proposed to change the 
fashionable formul® of the rare earth oxides into the seaquioxide form K 2 0 3 ; 
with the R-element tervalent, cerous oxide was also taken to bo a sesquioxide, 
Ce 2 0 3 , of tervalent cerium, and ceric oxide, a dioxide, Ce0 2 , of quadrivalent 
cerium. P. T. Cleve, and S. Jolin supported D. I. Mendel6efTs suggestion for 
yttria, erbia, didymia, and ceria(ous), but. they thought lanthana to be different, 
forming not La 2 0 3 but La0 2 . L. F. Nilson’s work on the selenites and chloro* 
platinates further strengthened the idea that the rare earths, lanthana included, 
are sesquioxides. In 1873, C. F. Ranmielsbcrg raised some objections to 
I). I. Mendeleeff’s hypothesis, but he accepted it three years later. 

The rare earths have been likened to alumina, but the feeble basicity of 
aluminium hydroxide, coupled with its tendency to form basic salts, and the 
tendency of aluminium to form complex compounds with organic acids, are the 
reverse of those properties which characterize the rare earths. The highly basic 
properties of these earths appear to hinder the formation of complex derivatives ; 
a like contrast occurs with cupric and barium salts. C. Winkler argued in favour 
of the assumption that these elements are quadrivalent, but B. Brauner showed 
that the hypothesis is inadequate. From his measurements of the Bp. ht. of cerous 
and didymiuin tungstates, A. Cossa concluded that the rare earth elements are 
bivalent, G. Wyrouboff and A. Verneuil decline to accept the arguments based upon 
sp. ht., isomorphism, and the periodic law, and state that there is a close relationship 
between the chemical properties of the rare earth elements and the bivalent metals ; 
but G. Urbain has shown that if this plan be rigidly followed, the rare earths can 
just as well be classed with tervalent bismuth. I*. T. Cleve and M. Hoglund showed 
that D. I. Mendel^efTs assumption furnishes simpler formul® for the complex salts 
of yttrium and erbium than when the rare earth metals are assumed to be bivalent. 
For example, 3YS0 4 .8H 2 0 becomes Y 2 (S0 4 ) 3 .8II 2 0 ; Y 3 H 2 (C 4 H 4 0 fl ) 4 .GH 2 0 becomes 
YH(C 4 H 4 0 6 ) 4 .6H 2 0 ; etc. The ammino-chlorides also give simpler formula? with a 
triadic than with a dyadic base. The chloroplatinates of the uni- and bivalent metals 
are built on the type 2KCl.PtCI 4 , and MgCl 2 .PtCl 4 , while the salts of the rare 
earths are built on the type RCI 3 .PtCl 4 .wH 2 0. The corresponding salts of yttrium 
and indium are anomalous in that the former has the composition 
4YCl 3 .5PtCl 4 .5‘2H 2 0, and the latter, 2InCl 3 .5PtCl 4 .36H 2 0. P. T. Cleve found 
that the chloroplatinites and the selenites also agree better with the rare earths 
tervalent. 

No volatile compounds of the rare earths have been prepared which allow the 
vapour density to be determined. Tervalent scandium does furnish compounds 
which can be volatilized without decomposition, and, in view of the very close 
relationship between scandium and the rare earths, it is inferred that the rare earth 
metals arc tervalent. This is confirmed by mol. wt. determinations of the rare 
earths in soln. W. Muthmann, and B. Brauner showed that the raising of the b.p. 
of alcohol by anhydrous cerium, lanthanum, praseodymium, neodymium, and 
yttrium is in accord with the tervalency of these elements RC1 3 , although, as 
C. A. Matignon has shown, these chlorides form complexes with the solvent. 
C. A. Matignon found the f.p. of aq. soln. neodymium, samarium, and ytterbium 
chlorides. The results are in accord with the tervalency of these elements when 
compared with F. M. Raoult’s values for aluminium and chromium chlorides 
which are admittedly tervalent. Thus, the mol. depression of the f.p. : 

NdCl, SaCI, YbCl AICI, CrCl, 

68 0 66 0 66 0 64'5 640 

W. Biltz found that the f.p. of soln. of acetylacetonates of cerium and didymium in 
carbon tetrachloride ; of praseodymium and samarium in carbon disulphide ; and 
of neodymium in ethyl sulphide, are in accord with the view that in cone, soln., 
these compounds are present in doubled molecules [RjfCHs.COJjCHj}*]!, which 
break down on dilution. The electrical conductivities of lanthanum and yttrium 
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chlorides by H. Ley; of cerium, praseodymium, neodymium, and samarium 
chlorides, and of lanthanum, cerium, and samarium sulphates by A. Aufrecht ; of 
lanthanum nitrate by W. Muthmann ; and of lanthanum, cerium, praseodymium, 
neodymium, samarium, gadolinium, yttrium, erbium, and ytterbium sulphates 
by B. Brauner, are in accord with the tervalency of the rare earth elements when 
tested by W. Ostwald’s rule— 1. 15, 13. 

The sp. ht. of cerium, lanthanum, and didymium, measured by W. F. Hillebrand, 
favour the view that these elements are tervalent ; similarly also does L. F. Nilson 
and 0. Pettersson’s work on the mol ht. of the oxides and sulphates of aluminium, 
scandium, gallium, indium, and the metals of the rare earths ; but, as indicated 
above, A. Cossa’s work on the sp. ht. of the silicotungstates does rather favour 
the bivalency of these elements. The evidence from the isomorphism of the com- 
pounds of the rare earths is conflicting in that some favour the assumption that the 
earths are bivalent, and some that they are tervalent. It must also be added that 
G. Wyrouboff found that silicotungstates of cerium, lanthanum, and didymium 
are isomorphous with the corresponding salts of thorium, a quadrivalent element. 
The same evidence would favour the assumption that univalent lithium is bivalent. 
This shows that the nature of the basic element in the silicotungstates has but a 
minor influence on the crystalline form. Many of the salts of the rare earths are 
isomorphous with one another so that arguments which apply to the one apply to 
all. The value of the evidence from isomorphism is usually feeble since, as 
T. V. Barker has emphasized, there are cases of apparent isomorphism among 
unrelated saltq. 

(i) Isomorphism with salts of bivalent elements. — M. Delafontaine found that cadmium, 
didymium, and yttrium sulphates are isomorphous and crystallize like salts of the mag- 
nesium series of metal sulphates. T. Vogt showed that isomorphous mixtures of the 
fluorides of the alkaline earths and the rare earths occur in many minerals - yttrocerite, 
yttrofluorite, parisite, cordylite, etc. ; A. Cossa and M. Zecehini, P. Didier, and A. Hogbom 
showed that cerous and didymium tungstates and molybdates form mixed crystals with 
calcium tungstate and lead molybdate ; and G. Wyrouboff showed that the silicotungstates 
of the alkaline earths form mixed crystals with the corresponding salts of cerium, lanthanum, 
and didymium. 

(ill Isomorphism with salts of tervalent elements. — G. Bodinan lias shown that the stable 
pentahydrated bismuth, nitrate, Bi(N0 3 ) 3 .5H 2 0, is isomorphous with the labile penta- 
hydrates of lanthanum and didymium ; and labile hexahydrated bismuth nitrate, 
Bi(NO # )^OH„0, is isomorphous with the stable hexahydrates of the same two elements. 
G. Urbam, X. Blumenfeld, and H. Lacoinbe also showed that the yttria and terbia earths 
form mixed crystals with pentahydrated bismuth nitrate ; that ammonium bismuth 
nitrate, Bi(N0 8 ),.2NH 4 N0 3 .4H 2 0, is isomorphous with the lanthanum salt, 
La(N0 8 ) 3 .2NH 4 N0j.4H.0, and that the double salts of the type . 2Bi(N0 3 ) s .3M(N0 s ) a .24H t 0, 
are isomorphous with the corresponding salts of cerium, lanthanum, praseodymium, neo- 
dymium, samarium, europium, and gadolinium, when M represents an atom of bivalent 
magnesium, manganese, zinc, nickel, or cobalt. G. Bodman also found that pentahydrated, 
ootohydrated, and enneahydrated bismuth sulphates are isomorphous with the corre* 
•ponding hydrated sulphates of the rare earths. P. T. Cleve, and L. F. Nilson found that 
yttrium selenite and chloroplatinate are isomorphous with the corresponding salts of 
tervalent ohromium, aluminium, indium, and iron. 

L. Benoist and H Copaux found that cerium fits well into the curve where’the 
at. wt. is plotted against the transparency to the X-rays on the assumption that 
in cerous salts cerium is tervalent. Similarly also the order of increasing at. number 
is nearly the same as that of increasing at. wt., and H. G. J. Moseley has shown that 
when the at. number is plotted with the sq. root of the frequency, the rare earth 
metals, with the exception of yttrium, come between barium and tantalum in 
accord with the tervalency of these elements. H. Freundlich and H. Schucht 
found that the action of salts of the rare earths on colloidal arsenic sulphide re- 
sembled that of salts of other tervalent metals. 

At the time D. I. Mendeleeff published the periodic law , 8 the problem was to find 
places in the periodic table for the elements ; at the present day fifteen vacant places 
in the table want filling. D. I. Mendeleeff was quite definite about the position of 
cerium ; he placed it after tin in the fourth group and eighth series, and showed 
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that thi* element was then in conformity with the sp. ht, rule. He was also satisfied 
with the position of yttrium between gallium and indium in the third group, and 
sixth series, but rather doubtful about erbium, didymium, and lanthanum, which 
he placed : 
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D. I. Mendeleeff was of the general opinion that we are too ignorant of the rare 
earths to justify the attempt to instal them in the table. D. I. Mendel&ff’s erbium 
and didymium were afterwards shown to be complex, and with increasing knowledge 
lanthanum was assigned to the place occupied by didymium. The allocation of 
places in the table for the fifteen or sixteen rare earth elements has not been success- 
fully accomplished, whether these elements be regarded as dyads or triads. The 
assumption that these elements are dyads leaves the table in a hopeless position ; 
there is no suitable place for many members of the series— e.g. yttrium— and there are 
three candidates for one vacancy between molybdenum and ruthenium. If these 
elements be triads, yttrium falls in the place indicated above, the space between 
molybdenum remains vacant, and there are fourteen candidates for the vacant 
places between barium and tantalum. On the other hand, if these vacant places 
be filled by the elements ranged in the order of their at. wt. the majority occupy 
positions not in accord with their properties. Cerium remains in the position 
assigned to it by D. I. Mendeleeff ; and this harmonizes with the properties of ceric 
compounds, and with their relations with titanium, zirconium, and thorium— ^.v. 
Scandium, yttrium, and lanthanum then form a sub-group of the third group. 
At one time, B. Brauner considered that the rare earths from cerium to ytterbium 
form a zone of elements in the fourth group, so that Cc in the above scheme is 
replaced by 27Ce, where 

,Ce, Pr, Nd,— 

— , Sa, Eu, — 
rCe= — , Gd, 

Tb, Ho, Er, - 
iTm, Yb, — , — 

and the nine empty spaces of the ninth series of the table disappear. This forms the 
so-called asteroid theory of the rare earths. The scheme also assumes that there 
are nine undiscovered elements — vide 1. 6, 6. C. Benedicks emphasized the slow 
change in the at. vol. of the rare earth elements in passing from lanthanum to 
ytterbium, and he assembled them all in the third and fourth groups of the periodic 
table, and, like B. Brauner, he omitted the ninth series. J. W. Rctgers places 
lanthanum, cerium, didymium, samarium, erbium, and ytterbium in the eight 
series of the third group. G. Rudorf placed the rare earths in a special group. 

R. J. Meyer believes that cerium should remain in the place assigned to it by 
D. I. Mendefeeff, and he inatals the other elements as an assemblage in the place 
assigned to lanthanum. Cerium thus falls out of the atomic order. E. J. M exit 
then arranges the rare earth elements in the form of three sub-groups, with five 
elements each, two of which have not yet been found. 
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These sub-groups form a kind of minor periodic system— ein periodmkes System 
in kleinen. Several others support the view that 
the rare earths have no suitable place in any of the 
groups of the periodic table. L. Meyer’s at. vol. 
curve— Fig. 4, Cap. VI— has five crests and four 
troughs, and then breaks off at barium, and con- 
tinues on again from tantalum, forming one more 
crest. E. Baur is of the opinion that the hiatus does 
not correspond with another crest, but rather forms 
a zig-zag line, Fig. 16, commencing at lanthanum, 
and after reaching lutecium, drops down to tantalum. 
Hence, added E. Baur, lanthanum belongs to the 
8th series of the third group, cerium to the 8th 
series of the fourth group, and the remainder belong 
to no group, and are best introduced in the table in 
Fia. 18.— Portion of Atomic the 8th series as an intermediate assemblage between 
Volume Curve. the third and fourth groups. 
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S. Meyer adopted a somewhat similar arrangement, including lanthanum and cerium 
in the saino group. These proposals interrupt the continuity of the periodic table, 
and many geometrical arrangements have been suggested in which the discontinuity 
is more or less camouflaged. 

Following B. de Chancourtois’ vis tellur ique — telluric screw — D. I. Mendcleeff said 
that the at. wt. of the elements could be ordered on one single spiral ; and modifica- 
tions have been suggested by J. E. Reynolds, W. Crookes, 
H. Baumhauer, E. Huth, C. Renz, F. Soddy, W. D. Harkins, 
C. R. Nodder, J. R. Partington, L. B. Tansley, I. W. D. Hackh, 
etc. In R. Vogel’s modification, the elements are arranged 
as an ascending spiral in the order of their atomic numbers. 
Each turn of the spiral accommodates one short period of 
eight elements ; and elements of the same group lie vertically 
above one another. He arranges subsidiary loops for the 
elements of the eighth group, and also for the rare earths. 
With the latter, the spiral, after passing barium, makes a 
complete turn, resuming the original path at tantalum. 
The sixteen rare earth elements are crowded on the sub- 
sidiary loop in such a way that lanthanum and cerium lie close to the vertical 
lines corresponding with the third and fourth groups, as illustrated by Fig. 17. 
Analogies between the rare earth elements and those of the eighth group of the 

S eriodic table, have been emphasized. J. E. Reynolds, for example, placed 
idymium and samarium in the eighth group. According to B. D. Steele, (i) the 
members of the different families iron, cobalt, and nickel ; ruthenium, rhodium, and 
palladium ; osmium, iridium, and platinum ; and the rare earth family, are unusually 
difficult to separate from one another, (ii) The at. vols. of all these families are 
unusually small ; and (iii), these elements are more strongly paramagnetic than is 
the case with other elements. Following the ideas of T. Bayley— 1. 6, 3 —and 
J. Thomsen, and ignoring the inert gases, the elements are arranged with two 
series each with seven members ; and two series each with seventeen members. 
The three central members of each of the long series form a kind of interperiodic 
group. I. W, D. Hackh, I. D. Margary, and A. Werner have modified the idea, and 


Fit, 17.— R. Vogol’a 
Subsidiary Loop 
for the Rare Earth 
Elements. 
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arranged me elements with the rare earth metals as an intermediate group between 
barium and tantalum. B. Brauner in 1908 revived and modified a suggestion he 
made twenty-seven years earlier, by allocating the rare earths to various positions 
in the eighth, ninth, and tenth series of the third to the eighth groups : 
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As the at. wt. of the elements of the eighth series increase, there is a decrease in 
basicity and in the tendency to form complexes ; while those in the ninth series 
increase in the tendency to form complexes, but decrease in basicity as the at. 
wt. increases. B. Brauner assigned the positions from the valencies of the elements 
deduced from the hydrides : 

i. if. in. IV. v. vi. vir. viii. 

CaH BaH a LaH a CeH 4 Prlf 3 NdH* (SaH) (EuII 0 ) 

He also said that some of the rare earth elements can form higher oxides than the 
sesquioxide in the presence of oxygen carriers. 

The general result of this discussion is to show that scandium, yttrium, lanthanum, 
and cerium fit very well into the periodic table, but when the remaining rare earths 
are installed, the simplicity and regularity of the scheme are destroyed. The 
discontinuity may be masked, but it cannot be removed by the use of geometrical 
devices — spirals, helices, lemniscates, etc. If the rare earth elements be allocated 
in the order of their at. wt. in the twenty spaces in the periodic table between barium 
and tantalum, then it can no longer be said that the properties of the elements are 
periodic functions of their at. wt., Table XII, and the periodic law breaks down. 


Groups 


Table XII.— Allocation of the Rake Earths in D. I. Mkndeli ; :kff’s Table. 
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In 1885 J. R. Rydberg introduced the use of integers in place of at. wt. since ho 
thought the latter is not a simple quality, but has a complex natures whereas the 
integers may be considered to represent a true independent variable. As with 
H. G. J. Moseley’s at. numbers, the order chosen for J. R. Rydberg s at. numbers is 
that of increasing at. wt. except with four pairs of elements— argon and potassium, 
nickel and cobalt, iodine and tellurium, and praseodymium and neodymium, no 
rejected D. I. Mcndeleeff’s classification claiming that the system of elements does 
not consist of periods in the ordinary sense, but rather embodies quadratic groups, 
each group containing 4, 16, 36, or 64, t.e. 4/ elements, where p is the number of 
the group, so that p—1,2, 3, or 4. Each element in J. R. Rydberg s a e 
fied by an integral number which is two units above that chosen by H. G. J. » 08el ?y 
as the atomic number, 2V-4. 25, 6. This is because the latter started his series 
with H, 1 ; He, 2,. . ., whereas J. R. Rydberg’s first group with p=l, commencing 
with the hypothetical electron gas E, 0 , runs on H, 1 ; then follow two hypothetical 
elements numbered 2 and 3, and the group ends with He, 4. It is J 
gases named coronium and ndulium, which have been revealed by the ^hir specteum 
represent the unknowns in J. R. Rydberg’s first group This makes nebubum, 2, 
and coronium 3. The second group, p-2, contains the 16 elements from helium 
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to argon; the third group, p— 3, contains the 36 elements ranging from argon to 
xenon ; and the fourth group, p— 4, with 64 elements, ranges from xenon to uranium* 
Both Tables XII and XIII are in harmony with H, G. J. Moseley’s work on the high 
frequency spectra of the elements— 3. 25, 6 — according to which, the sequence of 
the atomic numbers of the rare earths is as indicated in both tables — remembering 
that J. R. Rydberg's atomic numbers are two units higher than those of 
H. Q. J. Moseley. When the at. numbers, N, are plotted against the sq. roots of the 
frequencies, the points lie on a series of smoothed curves approximating to straight 
lines. This fact is not likely to be chance, and it is accordingly assumed that the 
order of the atomic numbers is the outward symbol of a hiaden mechanism of 
fundamental importance. With respect to the rare earths, H. G. J. Moseley’s law 
indicates that an element with an at. wt. between that of neodymium and samarium 
awaits discovery, and four elements— presumably thulium, ytterbium, lutecium, 
and celtium — come between erbium and tantalum ; terbium and holmium are not. 
complexes, but are chemical individuals ; nor is thulium likely to be a mixture of 
three elements as C. A. von Welsbach argued. Hence, in the ordinary sense of the 
term, only one rare earth element is missing from H. G. J. Moseley’s and 
J . R. Rydberg’s series. The arrangement cannot be reconciled with the general 
chemical and physical characters of the rare earth elements ; but it agrees with the 
observations of W. M. Hicks : viz. (i) The line spectra of cadmium, europium, and 
mercury exhibit triplet series of the sharp and diffuse type ; where the triplet 
intervals are approximately proportional to the squares of the at. wts. ; (ii) 
gadolinium exhibits doublet series similar to those of aluminium, gallium, and 
titanium ; and (iii), scandium, yttrium, lanthanum, and ytterbium also show 
doublet series. 

In passing from hydrogen to uranium, the majority of the elements show con- 
spicuous differences in their chemical properties, but there is an interruption in the 
normal sequence, for one group of elements suddenly appears whose members are so 
closely related chemically that their separation offers special difficulties. N. Bohr 3 
showed that the nucleus theory of the atom, and the quantum theory of radiation 
offer a rational interpretation of the interruptions in the normal sequence of the 
elements by the rare earth groups. What can be called the atom’s chemical pro- 
perties are determined by the number and the arrangement of the electrons of the 
atom, but chiefly by the number and arrangement in the outermost group of 
electrons. When proceeding from hydrogen to uranium there are, in general, appreci- 
able differences in the outermost group of electrons of two neighbour elements, 
hence the marked difference in the chemical behaviour of these elements. Further- 
more, N. Bohr assumed that at a certain place in the periodic table a group of 
elements is encountered whose members show differences only in the constitution 
of the deeper lying electron groups of their atoms. Differences in the inner groups 
correspond with only small differences in the chemical behaviour, hence the gre|t 
similarity in chemical behaviour of the group of the rare earth elements. According 
to N. Bohr’s theory, the successive change in the inner groups of electrons occurs in 
the interval between lanthanum, at. wt. 57, and lutecium, at. wt. 71. He said : 
In the rare-earth elements there is a gradual development of the group 4-quantum 
electrons from a group containing 18 electrons into a group of 32 electrons, the 
numbers in the groups 5- and 6-quantum electrons remaining unchanged. In 
lutecium, the group of 4-quantum electrons is complete, and in the neutral atom 
of the next element hafnium, the number of electrons moving in 5- and 6-quantum 
orbits must exceed that of the rare earths by one. Lutecium must therefore be 
the last in the sequence. C. R. Bury expressed the same idea another way* He 
said -that in general, succeeding elements differ by one electron in the outer shell, 
but in the rare earths, succeeding elements differ by one electron in an inner shell 
— probably the fourth of their kernels. Further, these elements do not shew 
the variety of structure characteristic of other series, although some of these 
elements show signs of having more than one structure. Among a number of 
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possibilities, he suggested the following electronic structures for the rare earth 
elements : 


At. No. At. No. 


58 

Ce 

(2, 

8, 

18, 18, 8, 4) 

65 

Tb 

(2, 8, 

18, 26, 8, 3) 

59 

Pr 

(2, 

8, 

18, 19, 8, 4 

66 

Ds 

(2, 8, 

18, 27, 8, 3) 

60 

Nd 

(2, 

8, 

18, 21, 8, 3 

67 

Ho 

(2, 8, 

18, 28, 8, 3) 

61 


(2, 

8, 

18, 22, 8, 3 

68 

Er 

(2, 8, 

18, 29, 8, 3) 

62 

Sa 

(2, 

8, 

18, 23, 8, 3 

69 

Tm 

(2, 8, 

18, 30, 8, 3) 

63 

Eu 

(2, 

8, 

18, 24, 8, 3) 

70 

Yb 

(2, 8, 

18,31, 8, 3) 

64 

Gd 

(2, 

8, 

18, 25, 8, 3) 

71 

Lu 

(2, 8, 

18, 32, 8, 3) 


H. G. J. Moseley s 4 arrangement of the at. numbers of the elements shows that 
a rare earth is missing for No. 61. J. M. Eder postulated the existence of euro- 
samarium from spectroscopic data. C. C. Kiess found lines common to neodymium 
pnd samarium, and suggested they may belong to the missing element. 
L. F. Yntema examined the monazite and gadolinite earths by X-ray analysis 
and spectroscopically, and considered it probable that an element of this number 
may be present in the fraction containing neodymium and samarium. 
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§ 12. The Atomic Weights o! the Cerium Family ol Metals 

The earlier determinations of the at. wt. of cerium must have been made on 
ceria contaminated with other earths, since later observations have shown that 
unknown and unsuspected rare earths accompany the raw materials, and these could 
not have been all removed by the methods of purification employed. In 1868, 
C. Wolf 1 showed reasons for suspecting the homogeneity or the chemical individuality 
of ordinary cerium, but he died before completing his work. B. Brauner, in 1885, 
suspected that cerium may be a mixture, and he claimed that (i) by the fractional 
soln. of ceria in sulphuric acid ; (ii) by the extraction of partially reduced ceric 
oxide ; (iii) by fractional precipitation with oxalic acid ; (iv) by fractional crystal- 
lization of the sulphate; (v) by fractional crystallization of ceric ammonium nitrate 
or of cerous ammonium nitrate; and by the fractionation of basic nitrate or sulphate, 
ceria can be separated into two forms, one of which is insoluble in cold hydrochloric 
acid, and the other dissolves in hydrochloric acid. The one form gives a white oxide, 
and the other a dark salmon-coloured oxide of an element which he designated 
metacerium. The spark spectra of both forms had some lines in common, whereas 
other lines are characteristic of each. V. Schtitzenberger also claimed to have 
separated cerium by the basic nitrate process into (i) cerium- 1, which gave a white 
oxide with an at. wt. 139 5 ; and (ii) cerium -2, with an oxide-coloured rouge, rose ou 
brun rose clair ; and, in conjunction with 0. Boudouard, they declared that cerium 
from cerite is different from that from monazite. G. Wyrouboff and A. Verneuil 
showed that the methods employed by P. Schtitzenberger and O. Boudouard wero 
not sufficient to separate ceria from thoria and the yttria earths ; and that cerium 
from cerite and monazite is the same element. G. P. Drossbach failed to confirm 

B. Brauner’s results, and in 1906, the last-named said that his metacerium was 
mainly terbium. It is, therefore, inferred that when adequately purified by known 
methods cerium is a homogeneous individual. 

In 1882, B. Brauner 2 claimed to have obtained from lanthana an earth with an 
at. wt. and basicity intermediate between lanthana and didyinia ; and P. T. Cleve 
obtained an analogous earth which he named provisionally 0-Di ; but later found 
that the spark spectrum agreed with that of lanthana when an incorrect measurement 
of one of the lanthanum spectral lines by R. Thalen was rectified. He then expressed 
the opinion that there is no intermediate between lanthanum and didymium. 
P. Schtitzenberger likewise claimed to have resolved lanthana, but B. Brauner and 
F. Pavlicek claimed that he had not eliminated yttria from his lanthana ; the last- 
named also confirmed the previous work of B. Brauner on the existence of an 
intermediate element which imparts to lanthana a pale buff tint. Ihis inference 
has not been confirmed, and it meets with no support from H. G. J. Moseley’s 3 
observations on the high-frequency spectra. 

The homogeneity of praseodymium, neodymium, and samarium has been domed 
by G. Krtiss and L. F. Nilson, W. Crookes, H. Becquerel, A. Bettendorff, 

C. M. Thompson, L. M. Dennis and E. M. Chamot, C. R. Bohrn, C. BaskerVille and 
co-workers, and B. Brauner. In most cases the opinions have been founded on the 
absorption spectra. The high-frequency or X-ray spectra are in^ accord with the 
assumption that an earth remains to be discovered, and its at. wt, lies between those 
of neodymium (144*3) and samarium (150*4), but no clear evidence of the jaature of 
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tilt alleged companion elements has been adduced. E. Demarya y failed to find 
any difference in neodymia derived from cerite, samarskite, and mosandrite by 
different methods of fractionation ; and no difference could be detected in neodymia 
after repeated fractionation ; nor could he find any evidence of complexity after the 
repeated fractionation of samaria. It was therefore inferred that samarium and 
neodymium are homogeneous. This conclusion was confirmed by W. Muthmann 
and L. Weiss, W. Feitand C. Przibylla, C. A. von Welsbach, G. Eberhard, 0. Holm- 
berg, G. P. Baxter and H. C. Chapin, W. Rech, C. Baskerville and R. Stevenson, 
G, (Jrbain, and H. Lacombe. The homogeneity of praseodymium has been tested 
by C. von Scheele, C. A. von Welsbach, W. Muthmann and L. Weiss, W. Feit and 
C. Przibylla, W. Rech, G. P. Baxter and 0. J. Stewart, and H. Lacombe, but there 
is no clear evidence of complexity, nor, indeed, of the existence of an element with 
an at. wt. intermediate between those of praseodymium and neodymium. The 
X-ray spectra fit with the assumption that the atomic numbers are La, 57 ; Ce, 58 ; 
Pr, 59 ; Nd, 60 ; Sa, 62, with an unknown element between neodymium and 
samarium. 

Considering the designation rare element, a remarkable number of determinations 
of the at. wt. of some of these elements has been made. The unusual chemical 
and physical properties of these substances, and their relations to the periodic 
system, have been the magnet. The at. wt. of cerium has attracted more attention 
than that of a common element like iron ; * similarly also with the at wt. of 
lanthanum. Nevertheless, owing to the extraordinary difficulties attending the 
purification of the materials, and the difficulties attending the analytical operations, 
the degree of accuracy of the results is of a lower order than that of the common 
elements. J. J. Berzelius 4 in his at. wt. tables of 1814-18 gave 137 9 as the value 
of this constant for cerium on the assumption that the element is tervalent ; 
W. Hisinger apparently made the determination. In 1 840, F. J. Otto gave the value 
138*91. 

A. Beringer obtained 142-06 by converting tho carbonate into chloride and 142 29 by 
analyzing the sulphate : 2CeO a : 3BaS0 4 . 0. F. RammelRborg obtained 1 35-59, and 

R. Bunsen and J. Jegel, 138*29, from the same ratio. R. Hormann obtained 138*52, and 
J. 0. G. de Marignae, 142 05, from tho ratio Ce 2 (S0 4 ) 3 : 3BaS0 4 ; the last-named also 
obtained 142 43 from the ratio Ce 2 (S0 4 ) 3 : 3BaCl 2 ; T. Kjerulf obtained 174-6 a worthless 
value— and C. F. Rammelsberg, 138*19 from the ratio Ce 2 (C a 0 4 ) 3 : 6CO, ; and R. Bimsen 
and J. Jegel, 140 26, from the ratio Ce 2 (C 2 0 4 ) 3 : 2CeO,. 

It is not likely that results obtained prior to the discovery of lanthanum (1839) and 
didymium (1843) can have much value, since the ceria was virtually certain to have 
been contaminated with these elements. Not until about 1860 were the materials 
tested for the presence of foreign earths by spectrum analysis. Prior to that year, 
the ceria employed was of an uncertain degree of purity. From the ratio 
Ce 2 (S0 4 ) 3 : 2Ce0 2 , C. Wolf computed the at. wt. 138*75 ; C. H. Wing (1870), 137*88 ; 
B. Brauner (1885), 140*22 ; G. Wyrouboff and A. Verneuil (1897), 139*52 ; G. Nolle 
(1898), 138*81 ; and B. Brauner and A. Batek, 140*21 ; B. Brauner (1885) obtained 
140*24 from the ratio Ce 2 (S0 4 ) 3 : Ce 2 0 8 . From the ratio Ce 2 (S0 4 )3.8H 2 0 : 8H 2 0, 

G. Wyrouboff and A. Verneuil (1897) obtained 139*21 ; and from the ratio 
Ce 2 (S0 4 )a.8H a 0 : 2Ce0 2 , 139*43; and from the same ratio, B. Brauner obtained 
140*25. From the ratio Ce^SO^ : 3BaS0 4 , P. Schiitzenberger obtained 139*45,. 
From the ratio *Ce 2 (C 2 0 4 ) 3 : 2Ce0 2 , H. Biihrig obtained 141*43; and from the ratio 
Ce a (C 2 0 4 ) 3 : 6C0 2 , 141*59. From the ratio 2Ce0 2 :3C 2 0 3 {i.e. loss on ignition of 
oxalate), B. Brauner obtained 140*01 in 1895, and 140*25 in 1903; while 
B. Brauner and A, Batek obtained 140*27. From the ratio CeCl 3 :3Ag, 

H. Robinson (1884) obtained 140*19. B. Brauner computed 140*25 for the beat 
representative value; and F. W. Clarke, 140*197 ± 0*0038. The International 
Table, 1920, gives 140*25. 

The at. wt. of lanthanum was stated by its discoverer, C. G. Moeander, 5 to be 
6dQ when* oxygen is 100 ; t.e. 139*2 when oxygen is 16. This value is much nearer 
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tlia mark than many later determinations. Determinations by M. Choubine (1842), 
C. F. Rammelsberg (1842), and R. Hermann (1843) gave values which were inac- 
curate because the Ianthana must have been contaminated with didymia. From 
the ratio I**(S0 4 ) s : 3BaS0 4 ,. J. C. G. de Marignac obtained 139 5 and 148 3; 
C. Czudnowicz, 133 0 ; C. Erk, 135 82. From the ratio La 2 (S0 4 ) 8 : 3BaC) 2f J. 0. G, de 
Marignac obtained 141 '3. From the ratio L&gOg : La*(S0 4 ) 3 , M. Holzmann obtained 
139*2; C. Czudnowicz, 146*5 ; R. Hermann, 139^50 ; H. Zschiesche, 135*33; 
C. Erk, 135 63 ; J. C. G. de Marignac, 138 80; P. T. Cleve, 139*27 and 138*34; 

B. Brauner, 138*86, 138*34, and 138*21 ; G. Bodmann, 138*94; 0. Brill, 139*79; 
F. A. Bauer, 138*75 ; A. Bettendorff, 138*69 ; W. Gibbs, 139*70 ; P. SchUtzenberger, 
138*0 and 135*0 ; B. Brauner and F. Pavlicek, 139*03 ; and H. C. Jones, 138*77 and 
138*80. From the ratio La 2 0 3 :3BaS0 4 , M. Holzmann obtained 139*46; from the ratio 
I^2(I0 8 ) fi .3H 2 0 : La^O^ 137*59 ; and from the ratio La 2 Mg 3 (N0 3 ) J2 .24H 2 0 : La^, 
138*68. Frbm the ratio LaCl 3 : 3AgCl, R. Hermann obtained 139*25 ; G. P. Baxter 
and co-workers, 138*89 ; and B. S. Hopkins and F. S. Driggs, 138*91. R. Hermann 
obtained from the ratio La 2 0 3 :3C0 2 , 139*36. From the ratio La 2 0 8 : 3C 2 0 8 , 
W. Gibbs obtained 139*70, and H. 0. Jones, 139*07. From the, ratio LagOg : 3H 2 80 4 , 
W. Feit and C.-Przibylla obtained 139*09. B. Brauner gives 139*0 for the best 
representative value; F. W. Clarke, 138*8. The International Atomic Weight 
Commission for 1921 gave 139*0. 

The at. wfc. of didymium determined by J. C. G. de Marignac ® and others, lost 
interest when C. A. von Welsbach 7 demonstrated that it is compounded of praseo* 
dymium and neodymium of at. wt. approximately 143*6 and 140*8 respectively; 
more accurate determinations give more nearly 141 for the former, and 144 for the 
latter. It therefore appears as if C. A. von Welsbach had somehow got the 
labels of his materials crossed, B. Brauner calculated 141*09 for the at. wt. 
of praseodymium from the ratio Pr 2 (S0 4 ) 3 .8H 2 0 : Pr 2 0 3 ; and from the ratio 
Pr 2 (S0 4 ) 3 : Pr 2 0 8 , 140*95 and 14096 ; H. C. Jones from the same ratio obtained 
140*46, and C. von Scheele, 140*53. From the ratio Pr 2 0 3 : 3C 2 0 3 , B. Brauner 
obtained 14098, and C. von Scheele, from the ratios Pr 2 0 3 : 3C 2 0 3 : Pr 2 (S0 4 ) 8 , 
139*72 to 140*15. W. Feit and C. Przibylla obtained 140*62 from the ratio 

Pr 2 0 3 : 3H 2 S0 4 ; and G. P. Baxter and 0. J. Stewart, 140*93 from the ratio 

PrCl 3 : 3AgCl, and for the ratio PrCl 3 : 3Ag, 14092. B. Brauner estimates the 
best representative value to be 14097 ; and F. W. Clarke, 1 40*619 ± 0 0033. The 
International Atomic Weight Commission for 1920 gives 1409. 

For the at. wt. of neodymium B. Brauner obtained 143*63 and 143*89 from the 
ratio Nd 2 0 3 : Nd 2 (80 4 ) 8 ; 0. Boudouard, 143*05 ; H. 0. Jones, 143*6 ; 0. Holmberg, 
14410; 0. Brill, 142*46; and C. A. von Welsbach, 144*54. W. Feit and 

C. Przibylla obtained 144*5 from the ratio Nd 2 0 8 : 3H 2 S0 4 . G. P. Baxter and 

H. C. Chapin obtained 144*272 from the ratio NdCl 3 : 3AgCl, and 144*268 from the 
ratio NdCl 3 : 3Ag. G. P. Baxter and co-workers (1916) from the last-named ratio 
obtained 144*261. B. Brauner gave 1439 for the best representative value ; and 
F. W. Clarke, 143910 + 0*0051. The International Atomic Weight Commission for 
1920 gives 144*3. 

M. Delafontaine’s 8 decipium, L. de Boisbaudran’s samarium, and J. 0. G. de 
Marignac ’s Y/ gave an at. wt. approximating to 159*171. The determinations by 
* J* C. G. de Marignac, B. Brauner, P. T. Cleve, A. Bettendorff, and W. Muthmann 
and L. Weiss must have been made with impure material. It was not until 1900-1904 
that E. Demar^ay, and G. Urbain and H. Lacombe prepared material of a high 
degree of purity and free from europium ; samaria prepared before that probably 
contained europium. Nevertheless, the earlier determinations do not differ very 
much from more recent values. From the ratio Sa 2 (S0 4 ) 3 : SagOg, J.*C. G. de 
Marignac obtained 149*4 and 149*87 ; B. Brauner, 150*7 and 150*66 ; P. T, Cleve, 
150*15 ; A. Bettendorff, 150*44 ; W. Muthmann and L. Weiss, 151*39 ; 
E. Demar^ay, 147*2-148*0 ; and G. Urbain and H. Lacombe, 150*53. From the 
ratio Sa*0 3 : 8a 2 (S0 4 ) 8 .8H 2 0, J. C. G. de Marignac obtained 150*01 ; B. Brauner, 
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and H. lacombe, 150-46. from the ratio 
F cT“n last-named obtained 150*31. From 
ratio Sa 2 0 2 (S0 4 ) : Sa0(S0 4 ) 2 , C. Matignon obtained 150-6, and W Feit Jh 

C U Tl Yh\l°f 6 fe T ^ e . ra * io ® a 2 ° 8 ; 3H 2 S0 4 . . 0. J. Stewart and 0. Jamel 
obtained 150 43 from the ratio SaClg : 3Ag. A. W. Owens and co-workers found 
from the ratio SaCl 3 : 3Ag } an at. wt. 150*43, the range being 150*40 to 150*49. For 
the best representative value, B. Brauner gave 150*44 ; F. W. Clarke, 150*390 
± 0*0071 . The International Atomic Weight Commission for 1 920 gave 150*4. 
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§ 13. The Oxides of the Cerium Family of Earths 

Each of the rare earths forms a basic sesquioxide in which the metal is tervalent. 
The sesquioxides arc all stable, and constitute the rare earths properly so called. The 
sesquioxides of the rare earth metals other than those of terbium, praseodymium, and 
cerium are stable in air, even at a bright red heat . The three rare earths just named 
pass into higher oxides when heated in air, and in the case of ceria, oxidation occurs 
at a comparatively low temp. In some cases higher oxides or hydroperoxides are 
formed by the action of hydrogen dioxide. According to C. Winkler, 1 there is no 
sign of the formation of cerium monoxide , CeO, when ceric oxide is reduced by 
magnesium. The ignition of the hydroxides, carbonates, nitrates, sulphates, 
oxalates, and of the salts of many other oxy-acids furnishes lanlhana, or lanthanum 
aesquioxide, La^O* ; ncodymia, or neodymium sesquioxide, Nd 2 0 3 ; and samaria, 
or samarium sesquioxide, Sa 2 0 3 . It is generally difficult -particularly with the 
lanthanum salt— to get rid of the last trace of sulphate by ignition. The 
sesquioxides of these elements were also formed by W. Mutbinann and L. Weiss, 
etc., by the combustion of the metals. In the case of praseodymia, or praseodymium 
sesquioxide, Pr 2 0 3 , the higher oxide obtained by ignition is to be reduced^ to the 
sesquioxide by heating it in a stream of hydrogen at a red heat, say 900°. The 
preparation of cerium sesquioxide offers some difficulty because of the great stability 
of ceric oxide which is the product obtained by calcining the oxy-salts, etc., of 
cerium. The higher oxide of cerium is not reduced to the sesquioxide so readily as 
is the case with praseodymium dioxide ; the reduction of the red-bot oxide by 
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hydrogen, as J. Sterba has shown, is incomplete at atm. press. ; but, according to 
E. Newbery and J. N. Pring, ceria, or cerium sesquioxide, or cerous oxide, Ce^, 
can be obtained by reducing ceric oxide by heating it to 2000° in hydrogen at 
150 atm. press. W. Guertler found ceric oxide is reduced to the sesquioxide by 
heating it white hot in the reducing atm . of a petroleum injector furnace. C. F. Rani' 
meisberg said that it is obtained by calcining cerous carbonate in hydrogen free 
from o/one. If cerous oxalate be calcined in vacuo, or in a stream of hydrogen, a 
mixture of ceric and cerous oxides and carbon is obtained. C. G. Mosander, and 
A. Beringersaid that cerous oxide is formed by calcining ceric oxide to a high temp, 
in a carbon crucible, or in a stream of hydrogen. This is doubtful, for, according 
to R. J. Meyer, P. Didier, and J. Sterba, when the hydroxide, carbonate, nitrate, 
or oxalate is heated in hydrogen or in the absence of air, the dark blue product has 
a composition approximating Ce 4 0 7 . L. M. Dennis and W. H. Magee say that a 
white cerous oxide can be obtained by calcining the hydroxide in an inert atm. ; 
but later observations have shown that in the dehydration of the dried hydroxide, 
water is decomposed and the cerous oxide is oxidized. C. Winkler found that some 
cerous oxide is obtained when ceric oxide is heated with magnesium, or, according 
to J. Sterba, with zinc ; it is, however, not practicable to separate the cerous oxide 
from the other products of the reaction. A. Burger obtained cerous oxide by 
reducing ceric oxide with an excess of calcium, and washing out the other products 
of the reaction with a soln. of ammonium chloride at —10°, or with a soln. of sugar 
at 0°. 

Owing to the difficulty of removing didymia from ceria, and to the 
ignorance of the early workers as to the complexity of what they considered to be 
pure ceria, there are some conflicting statements as to the colour of cerous oxide. 

C. F. Rammelsberg said that it is a bluish-grey powder ; A. Burger, yellowish-green ; 
and O. Popp, and L. M. Dennis and W. H. Magee, white. Lanthana is white ; 
praseodymia, yellowish-green or greenish-yellow ; neodymia, sky-blue ; and 
samaria, white with a faint yellow tinge. There are some differences of opinion 
as to the colour of neodymia described by C. A. von Welsbach as being blue ; 

A. Wagner, sky-blue with a violet tint ; B. Brauner, pink with an amethyst tint ; 
W. Mutlunann and L. Weiss greyish-blue without any yellow or brown tinge ; 

E. Demar 5 ay, violet ; H. 0. Jones, when hot, “ a marked bluish colour, which, 
however, disappears on cooling ” ; C. Baskerville and R. Stevenson, brown, rose, 
black, and violet ; and H. Lacombe, sky-blue. The varying statements, said 
A. Wagner, are probably due to the oxide under investigation having been in many 
cases contaminated with other rare earths, and particularly with praseodymia. 

E. T. Wherry attributed the reddish-violet colour of certain minerals to the presence 
of neodymium compounds. When ceria is exposed to air, oxygen is absorbed and 
the dioxide is formed, the product usually acquires a yellow tinge ; praseodymia 
likewise absorbs oxygen, forming a brown powder which is probably a mixture of 
praseodymous and praseodymic oxides. Lanthana resembles quicklime in that it 
rapidly absorbs water and carbon dioxide when exposed to air ; neodymia and 
samaria are not appreciably oxidized or carbonated on exposure to air. Ceria is 
unstable in air, forming the dioxide, and, according to A. Burger, even at 200°, it 
burns to the higher oxide. When praseodymia or neodymia is heated in air a mixture 
of the sesquioxide with more or less of the higher oxide ( q.v .) is formed ; 
while lanthana and samaria are not preceptibly peroxidized. 

The sesquioxides prepared by the above-described processes are generally 
described as amorphous. According to A. E. Nordenskjold, prismatic rhombic 
crystals of lanthana are obtained by heating the oxide with fused borax. The 
crystals are said to have a sp. gr. 5*296 at 16° ; for the sp. gr. of amorphous lanthana, 

P. T. Cleve gave 6*53 at 17° ; R. Hermann, 5*94 ; L. F. Nilson and O. Pettersson, 
6*480; B. Brauner, 6*41 at 15°; and W. Prandtl, 6 51 at 15°/4°. For the old 
didymia, R. Hermann gave 6*64 ; A. E. Nordenskjold, 5*825 (14°) ; P. T. Cleve, 
7*180 at 13*5° ; and L. F. Nilson and 0. Pettersson, 6*950. For praseodymia, 
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C. von Scheele gave 6 88 at 16° ; B. Brauner, 7 068 ; and W. Prandtl, 6*87 at 
15°/4 0 . For samaria, P. T. Cleve gave 8*347 at 13°-15° ; and W. Prandtl, 7*43 at 
15°/4°. For neodymia, W. Prandtl gave 7*24 at A. H. White and 

M. E. Miiller demonstrated a loss of ceria by volatilization when thoria mantles with 
one per cent, of ceric oxide are heated. According to L. F. Nilson and 0. Petterason, 
the sp. ht. of lanthana is 0 0749, and of didymia, 0*0810 between 0° and 100°. 
E. Tiede and E. Bimbr&uer say that lanthana melts and volatilizes at about 2000". 
W. R. Mott gave 4200° for the b.p. of lanthanum oxide at 760 mm, W. Muthmann 
and L. Weiss’ observations on the heats of formation have been described in con- 
nection with the metals. H. L. Howes found the cathode ray luminescence spectrum 
of samarium oxide has eight short series of constant frequency intervals, and the 
spectrum is unchanged by heat treatment between 600° and 3000°. E. L. Nichols 
and H. L. Howes studied the luminescent spectra of incandescent oxides of cerium, 
praseodymium, neodymium, and samarium. W. W. Coblentz found the ultra-red 
emission spectrum has maxima at 3 /i, 4*4 /*, and 4*83/*. The magnetic susceptibilities 
of the oxides have been determined by G. Urbain and G. Jantsch, R. J. Meyer and 
J. Wuorinen, and S. Meyer. These values are : lanthana, - 0*18X I0~ fl ; neodymia, 
-j-33'5 x 10“ 6 ; samaria, -j-6*5xl0~° electromagnetic units; hence lanthana is 
diamagnetic and the other two oxides paramagnetic ; praseodymia is also paramag- 
netic, but less so than neodymia. E. H. Williams measured the magnetic suscepti- 
bilities of the oxides of lanthanum, neodymium, and samarium between 20° and 
—140°, and found the value for samaria to be about 10 per cent, larger at —140° 
than at 20°. E. Wedekind and P. Ilausknccht found the at. magnetism of lanthanum 
oxide to be — 18*3 X U)~ c ; praseodymium oxide, -f 4740 X 10~ 8 ; neodymium oxide, 
+5100 x 10~° ; and samarium oxide, -f 8300 x 10“°. They found that if the values 
for the at. magnetism of the metals of the rare earths be plotted against at. wt. 
a graph is obtained which shows a flat maximum at yttrium, and a second maxi- 
mum in the cerite group, either at neodymium or samarium, according to tho 
value adopted ; the curve then descends to europium, and subsequently rises 
somewhat steeply but regularly through gadolinum and terbium to a high maximum 
at dysprosium, after which it falls steeply and evenly through holmium, erbium, 
ytterbium, to lutecium. 

All the sesquioxides are soluble in acids, but, as in the case of alumina (#.v.), 
and many other oxides, the reactivity of the rare earth oxides depends upon the 
temp, of calcination ; the higher the temp, of calcination the more slowly are the 
oxides attacked by acids. According to A. Damour, however, lanthana, even after 
intense ignition, is readily soluble. Like quicklime, lanthana hisses when sprinkled 
with water, and forms the hydroxide, but, according to A. E. Nordenskjold, the 
crystals of lanthana are not affected by water. The rare earths are fairly strong 
basic oxides ; C. A. Matignon said that they are stronger bases than magnesia, but 
weaker than the alkaline earths. The rare earths readily form normal salts even 
with weak acids like carbonic acid, chromic acid, and numerous organic acids. The 
basicity has been determined qualitatively. The relative order of precipitation 
from their salt soln. by ammonia and the alkali hydroxides has already been dis- 
cussed. There are some reversals in the order of basicity when determined by 
different methods, thus, by ammonia precipitation, gadolina is a stronger base than 
samaria, but by some other methods the reverse obtains. When tested by the 
thermal value of the reactions : R 2 0 3 +6HC1~2RC1 3 +3H 2 0+Qi Cals., and by 
R 2 0 3 +3H 2 S0 4 =R 2 (S0 4 )3+3H 2 0+^ 2 Cals., C. A. Matignon found the order to be : 

La Pr Nd 8* 

Q. ... . 160-8 147*8 143*1 128*4 

Q t 138-2 126-7 125*1 . 113*8 

Hydrolysis . 6*81 — - 11*07 14*20 

This order also agrees with S. H. Katz and C. James’ observations on the 
degrees of hydrolysis of aq. soln. of the sulphates, expressed in arbitrary unit#. 
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L Kahlenberg and W. J. Trautmann found cerous oxide, Ce 2 0^ is not reduced by 
silicon at the temp, of the electric arc furnace. 

According to C. Baskcrvilie andG. F. Catlett, when lanthana is fused with alkali 
carbonates, and washed with alcohol ; or when lanthana is digested for a long time 
with soln. of the alkali hydroxides at 100°, lanthanates— e.g. sodium lanthanate, 
Na 2 La 4 0 7 ; and metalanthanates— e.g. dihydrated lithium enneahydropentalanthanate, 
LiH e La 6 0 16 .2H 2 0 ; tetrahydrated sodium enneahydropentalanthanate , NaH 9 La 6 0 16 . 
4H 2 0 ; pentadccahydrated potassium enneahydropentalanthanate , KHaLagOig.lSHjjO ; 
barium enneahydropentalanthanate, Ba(H 0 LagOi 5 ) 2 , but not the calcium compound 
—are formed ; but the report has not been confirmed, and in view of the very 
marked basic properties which are indeed comparable with those of calcium oxide, 
it will be extraordinary if lanthana has the acidic strength to form such compounds. 
According to F. Zambonini and G. Carobbi, the products reported by C. Baskervillo 
and G. F. Catlett are only mixtures of lanthanum oxide or hydroxide with varying 
proportions of the hydroxides or carbonates. The alkalies and alkaline earths 
which were present probably represented adsorption effects by the hydroxide. 
Double carbonates may also be present. H. von Euler and R. Nilsson studied the 
adsorptive power of lanthanum and aluminium hydroxides. 

When an excess of an ammonium or alkali hydroxide, or ammonium sulphide, is 
added to a hot dil. soln. of a salt — chloride, nitrate, sulphate, etc. — of the rare 
earths, the corresponding rare earth hydroxide is precipitated as a gelatinous colloid, 
insoluble in an excess of the precipitant. If insufficient precipitant be added for 
complete precipitation, or if cold soln. be used, some basic salt may also be deposited. 
A. Damiens found the sesquioxides are formed when water acts on the carbides. 
The colours of cerous hydroxide, Ce(OH) 3 , and of lanthanum hydroxide, La(OH) s> 
are white ; the colour of praseodymium hydroxide, Pr(OH) 3 , is green ; that of 
neodymium hydroxide, Nd(OH) s , is blue ; and that of samarium hydroxide, 
Sa(OH) 3 , is a very pale yellow. The precipitation is prevented or hindered if citric, 
tartaric, or other organic hydroxy-acids be present — vide analytical reactions ; 
according t o A. Miiller, glycerol inhibits the precipitation of cerous and neodymium 
hydroxides*, and according to L. de Boisbaudran, J. Sterba, M. Delafontaine, W. Biltz, 
N. A. Orloff, etc., the hydroxides are but slowly and incompletely precipitated by 
ammonia in the presence of ammonium acetate. This property has been utilized 
in separating iron from the rare earths. Cerous hydroxide oxidizes in air whereby 
the colour changes to violet, forming cerosoceric hydroxides, and finally yellow 
owing to the formation of ceric hydroxide. Lanthanum hydroxide is soluble enough 
in water to colour red litmus blue. L. M. Dennis and W. H. Magee, and A. Damiens 
found that cerous hydroxide can be dried out of contact with air and still retain its 
white colour, but when the dehydration is pushed further some cerous oxide is 
converted to ceric oxide by the decomposition of the water. According to 
J. F. Spencer, the oxidation of cerous to ceric oxide takes place more rapidly in the 
presence of alkali hydroxides, but in the presence of alkali carbonate a still higher 
oxide is produced. The oxidation to the peroxide in the presence of air occurs 
only with cerous hydroxide and not ceric hydroxide. The ready oxidation of cerous 
hydroxide renders it a strong reducing agent, for, as W. Biltz and F. Zimmermann, 
and G. A. Barbicri showed, it reduces cupric to cuprous salts ; mercuric to 
mercurous salts, etc. ThiB reducing action of cerous salts distinguishes them from 
the salts of all the other rare earths, and shows that in this respect they are more 
nearly allied to the manganous salts. G. A. Barbieri added that it is not quite 
aoourate to state that ceric compounds are unstable, whilst cerous compounds are 
"stable. What is really unstable is the ceric ion Ce*”*, which is readily transformed 
into the cerous ioi\ Ce *. In an alkaline medium, in which ceric ions cannot 
exist, ceric compounds are stable, whilst cerous compounds act as reducing agents. 
Further, in an acid medium, when the conditions are such as to diminish the cone, 
of the ceric ions, the oxidation of cerous salts can be effected by nitric acid alone. 
.When neodymium hydroxide is heated to 300°, P. Joye and C. Gamier found that 
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tho composition corresponds with the sesquihydrate, SNdflOj.SHjO ; at 525°, the 
monohydrate, NdgOs.HjO ; and at a bright red heat, NdjOj. The two hydrated 
neodymium sesquioxides have different reflection spectra. All the hydroxides are 
strong bases which react readily with acids to form salts. Indeed, lanthanum 
hydroxide is the strongest base of all the rare earth hydroxides, and approaches in 
strength that of calcium hydroxide ; while, according to K. A. Vesterberg, its 
strength is comparable with that of ammonium hydroxide. All the rare earth 
hydroxides absorb carbon dioxide from air. Lanthanum hydroxide liberates 
ammonia from ammonium salts. K. C. Sen and N. R. Dhar studied the peptisa* 
tion of cerium hydroxide by sugars, starch, dextrine, gvcerol, etc. ; and H. von 
Euler and R. Nilsson, the action of acids and bases. 

A well-defined basic oxide, namely, ceric oxide, or cerium dioxide, Ce0 2 , is 
represented by a corresponding series of salts ; but salts derived from praseodymic 
oxide or praseodymium dioxide, PrO.>, have not been reported. There is some 
evidence of the formation of an unstable neodymium dioxide, Nd0 2 ; but none at 
all with respect to the corresponding samarium oxide. According to H. Zschiesche, 8 
lanthana does not absorb oxygen when heated in air, but, according to R. Marc, 
if an activating substance like cerium dioxide be present, oxygen is absorbed, 
and a higher oxide is produced. In conformity with the terms applied to tho 
other rare earths, ceria should refer to the sesquioxide, but the term is some* 
times applied to the dioxide possibly because zirconium and thorium dioxides are 
called respectively by zirconia and thoria, and cerium comes between zirconium and 
thorium in tho periodic table. Ceric oxide is obtained as an amorphous powder 
when cerous or ceric hydroxide, nitrate, sulphate, or salt of a volatile oxy-acid is 
heated ; the oxalate is most commonly used for this purpose. J. Sterba removed 
the last traces of nitrate by fusing ceric oxide with potassium hydroxide. It is 


also made by burning the metal in air. 

According to H. E. Ives and co-workers, when white* or brownish- white, cenc 
oxide is heated in a quartz tube by a Bunsen burner, the colour becomes yellow 
or brown when the temp, has risen a few hundred degrees, and this also obtains with 
mixtures of thoria with a low percentage of ceric oxide. The colour change is 
exhibited by the commercial mantle with one per cent, of ceria, when the flame is 
burning low. If a fragment of a commercial mantle be heated in tho inner part of 
the flame of Maker’s burner-with less than 01 per cent, of oxygen- and allowed 
to cool in the products of combustion, the colour is dark grey ; and if heated l m 
hydrogen, the colour is black. The original colour is restored by heating the 
material in an oxidizing flame. The ordinary form of the oxide is ceric oxide, 
Ce0 2 ; the yellow colour acquired in the oxidizing low temp, flame is due io cerium 
trioxide , Ce0 3 ; and the grey-blue or black form is the oxide Ce 4 0 7 . For the 
volatilization of ceric oxide, vide cpria. 

Crystals belonging to the cubic system and exhibiting faces of the cube and 
octahedron, have been obtained by A. E. Nordenskjold by fusing the oxide with 
borax in a porcelain oven, and extracting the cold mass with hydrochloric acid ; 

J. Sterba, L. Grandeau, and P. Didier also prepared the crystals by melting the 
amorphous oxide with borax, sodium chloride, or potassium hydrosulphate, or by 
fusing the anhydrous chloride with borax ; and in all cases extracting the cold maw 
with acid as before. K. A. Hofmann and K. Hoschele also obtained crystals of 
ceric oxide by adding anhydrous cerous sulphate to molten magnesium oxide , after 
slowly cooling, the mass was extracted with hydrochloric acid. If small quantities 
of neodymium, praseodymium, or erbium sulphate be also added, the crystals have 1 
a fine colour. V. M. Goldschmidt and L. Thomassen found the crystals of cerium 
dioxide, thorium dioxide, and uranous oxide are isomorphous. The A-radiograms 
agree with a fan-centred cubic lattice of the calcijim fluonde type with the edge 
6*41 A. The mol. vol. was examined by F. A. Henglein. J. Bdhm and H. Niclassen 
found the hydroxides of cerium, lathanum, and neodymium as first precipitated 
are amorphous, and slowly crystallise. 
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R. J. Meyer and H. A. Winter, and B. Brauner made praseodymium dioxid 
Pr0 2 , by heating the nitrate to 400°-450°. When praseodymium hydroxide 
nitrate , carbonate, or oxalate is heated in air, the resulting black powder was 
considered by C. A. von Welsbach, and H. 0. Jones to have the composition Pr 4 (\ 
which was doubted by G. P. Baxter and P. C. Griffin; P. Schottlander, and 
R. J. Meyer gave Pr 6 O n ; and B. Brauner, Pr 5 0 9 . C. von Scheele, however, found 
the composition to be dependent on the mode of preparation, for the product 
obtained by calcining the oxalate at as low a temp, as possible contains the most 
oxygen, while that similarly prepared from the nitrate contains least ; and the 
product contains less oxygen the higher the temp, of calcination. If the 
product be strongly heated, it loses oxygen, but re-absorbs the gas on cooling. 

P. H. M. P. Brinton and H. A. Pagel found that Pr 6 0 4 represented the product of the 
calcination of the oxalate in air at ordinary press, over a wide range of temp. 

B. Brauner assumed that the oxide PrfiOg is a compound of the two oxides : 
Pr 2 034 - 3 Pr 0 2 — Pr ft 0 9 , but it is doubtful if the products with the composition just 
indicated are chemical individuals ; rather do they represent intermediate stages in 
the conversion of praseodymium sesquioxide to the dioxide. According to 

F. M. Jager, and R. Marc, if small quantities of cerium be present the product 
approaches nearer the limit Pr0 2 because the ceria seems to act as oxygen-carrier ; 
on the contrary, if small quantities of lanthana or neodymia be present, R. J. Meyer 
and M. Koss found that the formation of the dioxide is adversely affected. C. A. von 
Welsbach, H. C. Jones, and R. J. Meyer and M.Koss deny that an oxide of neodymium 
higher than the sesquioxide can be prepared by calcination, but R. Marc, and 

B. Brauner say that if traces of ceria or praseodvmia are present, the product 
approximates in composition to neodymium dioxide, Nd0 2 . A. Wagner claimed 
to have made an oxide of the composition Nd 4 0 7 by heating the oxalate in oxygen, 
and he described the reflection spectrum of this product ; but P. Joye and C. Gamier 
have shown that the spectrum is characteristic of the hydrated oxide Nd 2 0 3 .H 2 0. 

R. Hermann, H. Zschiesche, and R. Marc obtained indications of the existence of a 
higher oxide -possible lanthanum dioxide. P. T. Cleve said that samarium dioxide 
has not been made and that this earth forms no oxide higher than Sm 2 0 3 when 
heatod in oxygen. 

Thero have been some arguments as to the colour of cerium dioxide. From the 
position of cerium between zirconium and thorium in the periodic table, it might be 
anticipated that cerium dioxide, like thorium and zirconium dioxides, would be 
white. This is the opinion of G. Wyrouboff and A. Verneuil, J. Sterba, C. Wolf, 

H. Moissan, and J. F. Spencer. B. Brauner attributed the white colour to the 
presence of silica, but J. F. Spencer prepared the white dioxide free from silica. 
The presence of other elements of the cerium group — praseodymium and neodymium 
— impart a salmon-colour, reddish-brown, or brown tint to the oxide, which becomes 
deeper the larger the amount of these substances present, and the higher the temp, 
of calcination. J. F. Spencer found that if the white oxide be calcined at a red 
heat, it becomes pale yellow. The tint depends on the mode of preparation, and 

G. Wyrouboff and A. Verneuil add that there are several shades of white. The 
oxide derived from the sulphate is lightest in colour, that derived from the hydroxide 
is darkest, but the tint of neither is definite enough to be described other than as a 
particular shade of white. J. Sterba also concluded that ceric oxide can be white or 
a pale citron-yellow, and that the yellow colour which cannot be attributed to iron, 

* platinum, or other rare earth elements, but it may be due to the presence of a higher 
oxide than the dioxide. Praseodymium dioxide is black or brownish-black ; and the 
neodymium compound is blue. According to V. M. Goldschmidt and L. Thomassen, 
the X-radiogram of ceric oxide indicates a cubic lattice with sides 5‘41x lO"” 8 cms. 

C. J. B. Karsten gave 5*6059 for the sp. gr. of cerium dioxide ; R. Hermann, 6*00 ; 

A. E. Nordenskjold, 6*935 at 15*5°, and 7*09 at 14*5°, for the crystals ; L. F. Nilson 
and 0. Pettersson, 6*739 ; and J. Sterba noted that the higher the temp, of formation 
of the crystals the greater the sp. gr. — thus, by using fused sodium chloride, borax, 
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and potassium sulphate, the sp. gr. were respectively 7*314, 7*415, and 7*995. 
W. Prandtl gave 6*71 at 15°/4° for the sp. gr. of the black oxide Pr 4 0y. The sp. gr. 
of praseodymium dioxide is 5*978 at 20°. J. F. Spencer observed that the colour of 
the white oxide appears yellow when it is heated, but if the temp, has not been 
too high, the original colour is restored on cooling ; praseodymium dioxide passes 
into the sesquioxide when strongly heated. According to E. Tiede and R. Birn- 
brauer, ceric oxide does not melt at 1875°, but in vacuo, it volatilizes rapidly at that 
temp. The oxide readily fuses in the electric arc furnace, and attacks the con* 
taining vessel. 0. Ruff and co-workers found that cerium dioxide melted at 1930°. 
W. R. Mott gave for the order of volatility of the. oxides: Al»0 3 , Ti 2 0 3 , Er 2 0 3 , 
Cc0 2 , Nd 2 0 3 , La 2 0 3 , Zr0 2 , and Th0 2 . W. W. Coblent z found the ultra-red emission 
spectrum of cerium dioxide has a strong emission between 2/iand 3 n, with possible 
maxima at 4*4/z. and 7*5 [i Beyond 7ft, H. Rubens found the emissivity approaches 
that of a complete radiator. According to C. Renz, purified cerium dioxide, which 
has a pale yellow colour, is unaffected by light, but if mixed with a small quantity 
of praseodymia or terbia it becomes light-sensitive. Such a mixture, which has a 
slightly reddish-yellow colour, w r hen exposed to sunlight becomes bluish-grey, but 
in the dark its original colour is restored. In the cerito earths, cerium is known 
to have an oxidizing influence on praseodymia, and apparently in sunlight this 
influence becomes emphasized. E. L. Nichols and II. L. Howes studied the blue 
glow which occurs when the oxide is heated in the oxy-hydrogen flame. L. F. Nilson 
and 0. Pettersson found the sp. ht. of ceric oxide to be 0 0877 between 0° and 100°. 
J. Sterba said that the refractive index of the crystals of ceric oxide is high— about 
1*9. E. Wedekind and P. Hausknecht found the at. magnetism to be -|~74*4 X 10"®. 

Ceric oxide is a very stable oxide, but it is weakly basic, forming a series of ceric 
salts. According to C. Renz, eerie oxide is reduced when exposed to light, in the 
presence of certain organic liquids and reducing soln., particularly glycerol. Crystal- 
line ceric oxide is not attacked by hydrochloric or nitric acid or by alkali hydroxides. 
According to 0. F. Rammelsberg, fused alkali hydroxide has no action on ceric oxide ; 
and L. Marino showed that the amorphous oxide after calcination is not soluble in 
hydrochloric or nitric acid, but if a reducing agent, like hydrogen dioxide, hydriodic 
acid, stannous chloride, or hydroquinone, be present, the oxide dissolves as a cerous 
salt. If ceria earths containing less than 50 per cent, of ceria oxide ho treated 
with hydrochloric or nitric acid, the cerium is dissolved under conditions where eerie 
oxide alone is not dissolved. G. Wyrouboff and A. Vcrneuil assume that eerie 
oxide is a feeble acid, forming with other bases, salts of the type R 2 0 : j.2Ce0 2 or 
2R 2 0 3 .3Ce0 2 ; these salts are assumed to be decomposed by the acid into ceric 
hydroxide which is soluble as a base in the excess of acid present. K. A. Hofmann 
and K. Hoschele prepared some salts with uranic oxide- ~U0 2 .2Ce0 2 . According to 
R. Bunsen, warm cone, sulphuric acid converts eerie oxide into ceric sulphate but 
no dissolution occurs ; moderately cone, sulphuric dissolves ceric oxide, producing 
both ceric and cerous sulphates, and liberating a little ozonised oxygen ; dil. sul- 
phuric acid has no perceptible action on ceric oxide. Hydriodic acid converts 
ceric oxide into cerous iodide and iodine. Praseodymium dioxide, said B. Brauner, 
is not of the peroxide type, but in it, the praseodymium is quadrivalent. According 
to C. von Scheele, praseodymium dioxide liberates chlorine from hydrochloric acid ; 
iodine from hydriodic acid ; and ozonized oxygen from oxy-acids ; it oxidizes cerous 
to ceric salt ; manganous to manganic salts ; stannous to stannic salts ; and ferrous 
to ferric salts — part of the oxygen also escapes without oxidizing the ferrous or 
stannous salt. A soln. of strychnine in sulphuric acid is coloured violet by praseo- 
dymium dioxide. P. G. Melikoff and B. E. Klimenko say that praseodymium 
dioxide gives hydrogen dioxide but no ozone when treated with dil. sulphuric acid ; 
with nitric acid it oxidizes manganese sulphate to a permanganate ; and with 
hypochlorous acid it gives rise to the evolution of oxygen and the formation ol 
chloric acid. In this reaction, which proceeds very slowly in the cold, but much mow 
energetically at higher temp., no ozone is given off, and any which is formed must b< 
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at once used up in oxidizing the hypochlorous acid. They add that praseodymium 
dioxide is not constituted like hydrogen peroxide. J . Sterba found that carbon does 
not reduce ceric oxide to the metal, but in the electric arc furnace cerium carbide 
is formed. For the reduction of ceric oxide by aluminium, magnesium, etc., vide 
metallic cerium. According to C. G. Mosander, and A. Beringer, hydrogen from zinc 
and an acid reduces ceric oxide to the lower state of oxidation. Ceric oxide, said 
W. 8. Chase, readily absorbs gases. 

As indicated by J. J. Berzelius and W. Hisinger, 3 and C. G. Mosander, when 
ammonia or an alkali hydroxide is added to a soln. of a ceric salt, a yellow gelatinous 
precipitate of ceric hydroxide— possibly Ce(OH) 4 , or Ce0 2 .wH 2 0— is formed ; it 
is insoluble in excess. Like most gelatinous precipitates, this hydroxide is liable 
to be contaminated with basic salt or the entrained salt, as well as adsorbed alkali 
hydroxide. According to G. Wyrouboff and A. Vcrneuil, the best procedure is to 
add ammonia to a cold soln. of ceric ammonium nitrate, and allow the washed 
precipitate partially to dry at a low temp., and wash again with cold water to remove 
the ammonium nitrate. When dried over potassium hydroxide, the composition 
corresponds with 2Ce0 2 .3H 2 0, or Ce 2 O(OH)0. C. F. Rammelsberg, and C. Erk 
assigned to this compound a similar formula. T. Camelley and J. Walker 
obtained different results. They measured the mols of water lost per mol of ceric 
hydroxide at different temp. They said : 

The curve, Fig. 18, after rising almost perpendicularly from 200° to 600°, begins at 
the latter temp, to curve towards the horizontal, and this continues even up to 815°. The 
composition at 600°, just before this change occurs, is repre- 
sented by Co0 2 .2H 2 0. This would seem to be a definite 
hydrate, for the composition had previously remained nearly 
constant, the loss of water for 12 hre. between 385° and 600° 
not having amounted to more than 0*39 per cent., or for 8 hrs.’ 
heating between 440° and 600°, to 0*23 per cent. Further, 
the rate of loss which commences at 600° is 20 times as great 
as the average rate during the previous, 220 , and, moreover, 
at 600° the colour suddenly changes from a light yellow (pre- 
sumably the colour of the hydrate Ce0,.2H,0) to salmon colour, 
the latter prevailing until complete dehydration. Finally, at 
the temp, at which the composition became practically con- 
stant (385 ), and therefore presumably that at which the hydrate 
Ce() 3 .2H 2 0 was formed, there was a change of colour from 
brownish -yellow to bright yellow. It is therefore concluded 
that ceric oxide forms a definite hydrate, CeO a .2H ? 0, or normal 
ortho-ceric hydroxide. H 4 Ce0 4 , or Ce(OH) 4 , which is very nearly 
even up to 600°, at which temp, rapid dehydration begins. 



Fia. 18. — Dehydration 
Curve of Ceric Hy- 
droxide. 


Ceric hydroxide was made by C. Erk by the action of ammonia on basic ceric 
sulphate. It is also made by the oxidation of cerous hydroxide by exposure to air, 
but in this case the reaction is slow. V. G. Mosander, O. Popp, R. Hermann, 
C. F. Rammelsberg, and M. StapfE oxidized it by the action of chlorine or bromine 
on cerous hydroxide suspended in water, or by adding alkali hypochlorite or hypo- 
bromite to a soln. of a cerous salt. Cerous hydroxide may also be oxidized by treat- 
ment with hydrogen dioxide, and, in order to destroy the peroxides, heating the 
product to 120°, or boiling the product with water. When freshly prepared, or when 
dried at 120°, ceric hydroxide dissolves in nitric acid, forming a reddish coloured soln. 
of ceric nitrate ; it dissolves in hydrochloric acid with the evolution of chlorine and 
the formation of cerous chloride ; and with sulphuric acid, a mixture of cerous and 
ceric sulphates is formed and oxygen evolved, but, according to B. Brauner, if 
platinum be present ceric hydroxide prepared from ceric peroxide furnishes cerous 
sulphates alone, while ceric hydroxide, prepared by oxidizing cerous hydroxide with 
chlorine, furnishes ceric sulphate alone. According to G. A. Barbieri, ceric 
hydroxide obtained by either method gives with dil. sulphuric acid, 93-95 per 
cent, of the cerium in the quadrivalent form. J. M. Ordway found ceric hydroxide 
to-be insoluble in alkali hydroxides, but soluble in soln. of alkali carbonates, forming, 
according to A. Job, a perceric carbonate. 
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W. Bilta prepared a colloidal soln. or hjdrosol of oerio hydroxide by dialyzing 
a ten per cent. aq. soln. of ceric ammonium sulphate for four or five days. The 
colloid is positively charged with respect to water. The soln. is readily coagu- 
lated by a few drops of soln. of electrolytes. When the colloidal soln. is 
evaporated, it leaves a gum-like mass which dissolves to a clear soln. in hot 
water. The sol was studied by J. E. M. van der Made, H. N. Holmes, and 
J. Bdhm and H. Niclassen ; the adsorption of dyes by cerium dioxide, by 
H. Rheinboldt and E. Wedekind ; and the action of radium emanation, by 
A. Fernau and W. Pauli. The colloid was further investigated by H. R. Kruyt 
and J. E. M. van der Made. 

J. J. Berzelius and W. Hisinger, 4 A. Beringer, J. G. de Marignac, 
L. N. Vauquelin, and C. G. Mosander describe a cerosoceric oxide as a lemon -yellow 
powder obtained by igniting ceric oxide in a current of hydrogen, or by igniting cerous 
oxalate or carbonate in a retort. A. Beringer gives the formula (V 2 0 3 .16f.V0 2 , and 
J. C. G. de Marignac, 30 2 0 3 .8Ce0 2 . There appears to be something amiss with these 
observations because, when ceric oxide is heated to redness in a current of dry 
hydrogen, free from air, it is partially reduced, and it loses about two per cent, in 
weight. The reduction is more rapid with ceric oxide which lias not been strongly 
ignited, than it is with an oxide which has been strongly ignited ; but tlm former 
oxide is liable to retain a little water. The product, is a blue or bluish-black solid 
which readily absorbs oxygen from the air, and is sometimes pyrophoric. The dark 
blue oxide is also obtained by heating ceric oxide in vacuo. It has been described 
by G. Wyrouboff and A. Verneuil, 5 J. Sterba, W. S. Chase, and R, J. Meyer. The 
two last-named gave the composition of the cerosoceric oxide, Ct^Oy, while 
G. Wyrouboff and A. Verneuil gave Ce 7 0 12 . W. S. Chaso found this oxide readily 
adsorbed gases. 

When white cerous hydroxide is exposed to air or to oxygen, it acquires a violet 
or purple tint and ultimately becomes yellow eerie hydroxide. G. Wyrouboff and 
A. Verneuil obtained the violet fonce product by adding alkali hydroxide to a mixed 
soln. of cerous and ceric salts. The maximum intensity of tint is obtained when the 
ratio Ce0 2 : Ce 2 0 3 =2 : 1 . When the material is dried in vacuo, the colour is nearly 
black. The same product is obtained by precipitating a soln. of cerosoceric sulphate 
with alkali hydroxide. They also described a cerosoceric oxide, 6 Cc 0 2 .Ge 2 03 , which 
is not stable, but if the cerous oxide be replaced by one of the other ceria or yttria 
earths, the product is stable; and a complex 6Ce() 2 .R 2 0 3 is formed. From a 
study of the basic ceric salts, G. Wyrouboff and A. Verneuil concluded that they aro 
derived from different polymerized forms of ceric hydroxide ; these include what 
they call the para-oxides , (Ce0 2 ) 4 o«H 2 0 ; the meia-ondes, (Ce0 2 )5(j.nH 2 0 ; etc. 
There is very little to support the mol. formulae so ascribed to these compounds. 

The colloidal soln. of ceric hydroxide, made by the dialysis of a soln. of ceric 
ammonium sulphate, change in a marked manner with time, the ageing being accom- 
panied by a diminution in viscosity, a gradual loss of the faculty of gelatinization, 
and by a diminution in the sensitiveness towards electrolytes. The change is irre- 
versible, and is accelerated by rise of temperature. It is supposed that the ageing 
is due to the gradual dehydration of the sol particles. The ageing of ceric hydroxide 
sols is very largely modified under the influence of j3- or y-rays from radium. The 
first effect consists in an accelerated rate of diminution of the viscosity, but this 
effect is succeeded by a second, in which the viscosity of the sol increases to a value 
very large in comparison with that of the freshly dialyzed sol. The progress of the 
second stage is not dependent on the continued exposure of the sol to the action of 
the active rays, for if the exposure be made intermittent, it is found that the course 
of the viscosity— time curve is quite unchanged. A further curious effect isobserved 
when the source of the radiation is removed before the end of the first stage in the 
ageing process. Under these circumstances, the second stage in the ageing process 
sets in, and the viscosity of the sol increases very considerably, attains a maximum 
value, and subsequently decreases almost as rapidly as it increased before the 
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attainment of the maximum. The jelly obtained when the radiation is allowed to 
act sufficiently long appears to be perfectly stable. Similar changes in the viscosity 
arc produced by the addition of electrolytes, although the effects are not readily dis- 
tinguishable. The ageing of sols is supposed to be due to the gradual formation 
of larger colloidal particles by a process of aggregation, but it is probable that the 
effects described by the authors are connected with changes in the degree of hydra- 
tion. It is probable that ceric hydroxide and other metallic hydroxide sols are highly 
hydrated, and in this way differ from hydrophobic colloids, such as the metallic and 
the sulphide sols. Under the influence of electrolytes or /}- or y-rays,the electrical 
charge of the colloidal particles is neutralized, and this is accompanied by a diminu- * 
tion in the degree of hydration, and results in a lowering of the viscosity, gradual 
when the sol is subjected to j8- or y-rays and immediate when an electrolyte is added. 
The increase in viscosity in the second state of the ageing process is then due to the 
aggregation of the electrically neutral particles, a process which takes place with a 
velocity comparable with that of crystallization and similar processes. The attain- 
ment of a maximum viscosity and the subsequent fall which is observed when the 
added electrolyte is very small in quantity or the time of exposure to the rays is 
comparatively brief is explained by assuming that this peptization is due to the 
action of electrically charged colloid particles which are enclosed by the jelly resulting 
from the aggregation of the electrically neutral particles. In support of this view, 
it has been found that ceric hydroxide jelly may be readily peptized by the 
addition of the corresponding sol. 

According to R. Hermann, 6 and L. de Boisbaudran, when a soln. of a cerous 
salt is treated with a mixture of ammonia and hydrogen dioxide, or when a soln. 
of, say, cerous sulphate is mixed with a slight excess of ammonia, and hydrogen 
peroxide added, a reddish gelatinous precipitate is obtained. The orange-red pre- 
cipitate formed when a soln. of cerium acetate is treated with hydrogen dioxide does 
not contain such a high proportion of oxygen. Cerium compounds are sometimes 
recognized by mixing the soln. with an alkaline acetate, adding hydrogen dioxide, 
and heating gently, when an orange-red precipitate is formed. In the case of cerous 
salts, the precipitate not unfrequently remains white, or at most becomes pale 
yellow. This precipitate should be moistened with ammonia, and again treated with 
hydrogen peroxide, when the orange-red colour will be produced. The white 
precipitate formed by hydrogen peroxide in soln. of cerous acetate does not appear 
to be more highly oxidized than the sesquioxide. L. de Boisbaudran, and P. T. Cleve 
assume the orange-red precipitate is a hydrated cerium trioxide, Ce0 3 .wH 2 0. 
According to L. Pissarjewsky, the mechanism of the formation of the peroxidized 
cerium compound is Ce(OH) 4 -f HO. OH— Ce(0H) 3 .0.0H-fH 2 0. The sesquioxides 
of didymium and samarium were found by P. T. Cleve to yield peroxides of the 
general formula, R 4 0 e .nH 2 0, or, according to L. Pissarjewsky, hydrated lanthanum 
pent oxide, R 2 0 5 .nH 2 0, or HLa0 3 -f»?H 2 Cb*-P. G. Melikoff and L. Pissarjewsky 
ascribed tho formula La(()H) 2 .(O.OH) to lanthanum peroxide. According to 
B. Brauner, if praseodymium hydroxide be precipitated in the presence of hydrogen 
peroxide, a hydrated praseodymium pentoxide, Pr 2 0 6 .nH 2 0, is produced ; 

P. G. Melikoff and B. E. Klimenko assume that the first product of the action is 
Pr(O.OH) 3 , which then decomposes to give the product the formula Pr(OH) 2 (O.OH). 

B. Brauner also assumes * the existence of a corresponding hydrated 
neodymium pentoxide, Nd 2 0 6 .nH 2 0. Ho also mentions the existence of 
(CH 3 .C0) 2 R.0.0.0R(0H)(C0.CH 3 ).H 2 0, where R represents Pr or Nd., P. T. Cleve’s 
peroxide Sa 4 O 0 .«H 2 O is probably analogous to the products just described, and in 
conformity therewith, the compound is called hydrated samarium pentoxide, 
Sa 2 05 .nH 2 0 . P. Mongel found that if sodium dioxide be employed instead of 
hydrogen dioxide, at ordinary temp., oxyhydroxides are obtained containing more 
oxygen than the sesquioxide, but less than the P. T. Cleve’s peroxide, and the amount 
of oxygen varies with the conditions of the experiment, especially with the temp. 
When a Boln. of a pure cerium salt is precipitated with sodium dioxide and boiled, 
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whereby a bright yellow precipitate of cerium dioxyhydroxide is obtained, and this 
is dried at 130°, the percentage of Ce0 2 in the precipitate estimated with ferrous 
ammonium sulphate and permanganate, shows that the oxidation of the cerium 
is incomplete. If, however, the precipitate be heated over the blowpipe, the 
theoretical quantity of dioxide iB obtained. When a mixture of lanthanum and 
didymium salts, free from cerium, is treated with sodium dioxide in the cold, 
it yields a precipitate which gives off oxygen when the mixture is warmed ; 
the precipitate, when dried at 120°, is bluish-white, and contains much carbonic 
anhydride absorbed from the air, which is eliminated only at a high temp. ; when 
heated at 400°, it becomes dark brown, and on further heating over the blowpipe 
assumes the characteristic grey colour of the anhydrous sesquioxide. The brown 
coloration is due to the formation of a higher oxide of praseodymium, and since this 
higher oxide cannot be obtained by the action of chlorine in alkaline soln., the 
praseodymium peroxide, like barium peroxide, must belong to the type Ilo() 2 . The 
oxalates of lanthanum and didymium do not yield the brown oxide when heated ; 
if, however, the grey oxide which is obtained be moistened with nitric acid and 
cautiously heated, the brown oxide is obtained. 

According to A. Job, cerous salts arc more soluble than ceric salts in soln. of 
alkali carbonates, and the solubility is still further increased if they are peroxidized. 
If, however, an excess of hydrogen peroxide be added, the solubility is reduced and a 
precipitate forms, the nature of which has not yet been ascertained. In order to 
obtain a cone. soln. of cerium peroxide, hydrogen peroxide and ceric ammonium 
nitrate, in molecular proportion, are added successively to a cone. aq. soln. of potas- 
sium carbonate, and the soln. is agitated ; a limpid, deop-coloured liquid is thus 
obtained, and as much as 40 grms. of cerium dioxide may be added per litre if 280 
grms. of alkali carbonate be also present. Potassium hydrogen carbonate may be 
used in place of the normal carbonate, but then the solubility of the cerium salt be 
less. If to the soln. prepared in the manner just described, hydrogen peroxide is 
added in slight excess but not in sufficient quantity to produce a precipitate, and 
the soln. be allowed to remain at the ordinary temp., it at first loses some oxygen, 
but is afterwards quite stable, the quantity of available oxygen in it corresponding 
exactly with that required by the formula CVO3. Ceric salts do not absorb oxygen 
from the air, but if a soln. of a cerous salt containing also an alkali carbonate, be 
exposed to the air, it is first oxidized to a ceric salt and then continues to absorb 
oxygen up to a limit that depends on the strength of the soln. E. Baur confirmed 
the results by A. Job. Cerous sulphate soln. containing potassium carbonate, when 
shaken with air, are converted into cerium peroxide, and at the same time some 
ceric salt is formed. A slight alkalinity of the soln. increases the yield of peroxide. 
When arsenious oxide is used as “ acceptor, 1 ” the cerium is converted to a greater 
extent into peroxide. The salt, Ce 2 O(CO 3 ) 2 .O 3 .4K 2 CO 3 .10H 2 O, described by 
A. Job, gives oxygen as well as carbon dioxide when treated with dil. sulphuric acid. 
More oxygen is liberated than indicated by the equation 2Ce0 8 -f-3H ? 80 4 
^Ce 2 (S0 4 ) 3 4-0 2 -f H 2 0 2 -f 2H 2 0, and this is due to a spontaneous decomposition 
of the hydrogen peroxide present. According to L. Pissarjewsky, the peroxidized 
cerium compound is not stable ; it loses oxygen fairly quickly at ordinary temp. ; 
it is rapidly converted into ceric hydroxide when heated with boiling water, or when 
dried at 100° ; and, with dil. acids, it forms a cerous salt, hydrogen dioxide, and 
ozonized oxygen : 2|Ce(OH) 8 .O.OH(-f 3H 2 S0 4 ==Ce 2 (S0 4 )3-f 
Carbonic acid also liberates hydrogen dioxide from the peroxidized compound. 
The peroxides like the sesquioxides have basic properties, and do not combine 
with the bases to form salts. L. Pissarjewsky gives for the heat of formation 
CeOa-a -Ce0 2aa .+0-f 33 576 Cals. The higher oxide of praseodymium, say 
P. G. Melikoff and B. E. Klimenko, does not convert manganese salts into 
permanganates in the presence of nitric acid. 
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§ 14. The Halides o! the Cerium Metals 

11. Moissan 1 prepared the anhydrous fluorides of the rare earths by the action 
of fluorine on the carbides ; and W. K. van Haagen and E. F. Smith converted 
yttrium, lanthanum, and cerium oxides into fluorides by heating them in a stream of 
hydrogen fluoride. 

According to A. Hirsch, the hydrated fluorides can be made by the action of 
cone, hydrofluoric acid on a hot soln. of the chlorides, acidified with hydrochloric 
acid. The precipitated fluoride is washed with hot water, then with 96 per cent, 
alcohol, and the alcohol removed by the centrifuge. If the product be covered with 
absolute alcohol, evaporated to dryness, and the residue heated first at 100°, and 
then at 200°, the anhydrous fluoride is formed. 

The fluorides of the rare earths crystallize in the cubic system, and they are 
isomorphous with calcium fluoride. The fluorides of the rare earths are practically 
insoluble in water and in dil. mineral acids ; they are perceptibly soluble in hot 
cone, hydrochloric acid, and this the more with the fluorides of the cerium group 
than with those of the yttrium group. The fluorides of scandium and thorium are 
much less soluble. 

Hydrated cerium tetrafluoride, CeFi-H^O, occurs with the quartz and albite 
at Brodbd, Sweden, as the mineral jluoctrUc. B. Brauner prepared hytaM eerie 
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fluoride, CeF 4 .H 2 0, as a brown powder by the action of hydrofluoric acid on ceric 
hydroxide, and drying the product at 100 °. When heated this salt gives off water, 
hydrogen fluoride, and possibly fluorine. B. Brauner claims to have made the 
salt 3KF.2CeF 4 .2H 2 0, in cubic or octahedral crystals insoluble in water, by the 
action of potassium hydrogen fluoride on ceric hydroxide, but E. Kimbach and 
H. F. C. Kilian question the accuracy of B. Brauner’s statement ; they did not 
succeed in preparing B. Brauner’s salt nor the analogous salts of lithium, sodium, 
rubidium, caesium, or ammonium, but they did prepare a series of double salts of 
the type MF 2 .2CeF 4 .7H 2 0, where M denotes Zn, Cd, Cu, Co, or Ni, by the action of 
a soln. of the metal oxide in an excess of hydrofluoric acid on a soln. of ceric hydroxide 
in hydrofluoric acid. Heptahydrated zinc decafluodicerate, ZnF 2 .2CeF 4 .7H 2 0, 
and heptahydrated cadmium decafluodicerate arc white, heptahydrated copper 
decafluodicerate is pale blue. These salts are decomposed more or less readily by 
water. T. Vogt found that fused mixtures of calcium and cerium fluorides give cubic 
mixed crystals with up to 55 ’8 per cent, of cerium fluoride ; these crystals are called 
cerofluorite, and mixed with yttrofluorite they find a representative in the mineral 
yttrocerite. According to B. Brauner, ceric fluoride is converted into cerous fluoride, 
CeFfl, by heating it to dull redness. S. John made hemihydrated cerous fluoride, 
2CeFg.H 2 0, by double decomposition. N. A. Puschin and A. V. Baskoff did not 
succeed in preparing a double compound with cerous and potassium fluorides ; 
the two chlorides have a eutectic at 660° corresponding with 24 mol per cent, of 
cerous fluoride. P. R. Bassett studied the electrochemistry of the high intensity 
arc with the positive electrode having a core of cerous fluoride. 

P. T. Cleve, and F. Frerichs and F. Smith have described hemihydrated 
lanthanum fluoride, 2LaF 3 .H 2 0, prepared as a white gelatinous precipitate by 
adding hydrofluoric acid to a soln. of the acetate ; and lanthanum hydrofluoride, 
2LaF a .3HF, prepared by adding hydrofluoric acid to a soln. of the sulphate. 
H. Moissan made the anhydrous fluoride by the action of fluorine on the carbide. 
W. F. Smith obtained a voluminous precipitate of lanthanum hydrofluoride, 
2LaF a .3HF. W. F. Smith also precipitated a gelatinous didymium hydrogen 
fluoride, 3HF.DiF a ; and B. Brauner reported three potassium fluodidymates, 
with tho ratios KF ; DiF 3 : H 2 0 as 1:2:1; 6:6:2; and 3:4:3. J. Popovici 
precipitated gelatinous praseodymium fluoride, PrF 3 , from an aq. soln. of praseo- 
dymium sulphate by hydrofluoric acid. The gelatinous precipitate when warmed 
forms a mass of yellow glistening crystals which appear green by reflected light. 
Neodymium fluoride, NdF 3 ,is formed in a similar manner as a pale, lilac-coloured t 
crystalline powder. P. T. Cleve obtained hemihydrated samarium fluoride, 
SaF 3 .H 2 0, as a gelatinous precipitate by double decomposition by adding hydro- 
fluoric acid to a soln. of a samarium salt. 

The classical process of H. C. Oersted 2 is of no practical value for chlorinating 
the oxides of the rare earths because the resulting chloride is non-volatile. 

C. A. Matignon and F. Bourion made the anhydrous chlorides of the rare earths 
by heating the oxide, sulphate or oxalate in a stream of sulphur chloride, S 2 C1 2 , 
followed by the fusion of the chloride in a stream of dry hydrogen chloride ; 

E. Chauvenet heated the oxide in a stream of carbonyl chloride ; P. Didier and 
also C. Baskerville used a mixture of carbon monoxide and chlorine ; E. Demaryay, 
and H. Quantin used carbon tetrachloride; and C. A. Matignon, and 0. Pettersson 
UBed hydrogen chloride, but in the latter case the reaction is not quantitative, 
although it is so if the oxalate be used in place of the oxide. F. Hiflebrand and 
A. Norton converted the metals into chlorides by heating them in a stream of 
chlorine or hydrogen chloride ; C. G. Mosander, and W. Muthmann and L. Stiitzel 
heated the sulphides in a stream of chlorine or hydrogen chloride ; and H. Moissan 
heated the carbide in a stream of chlorine, 0. Pettersson, in hydrogen chloride. 
The hydrated salts can be dehydrated by heating them to 105°-130° in a stream* 
of dry hydrogen chloride until no more water is evolved. The product is heated to 
180°-200° in a stream of the same gas. When water is no longer evolved, the temp. 
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is raised until the chloride fuses. The solid residue obtained by evaporating an 
aq. soln. of the chloride can also be dehydrated by heating it in a stream of dry 
hydrogen chloride and sulphur chloride, W. Heap and E. Newbery treated 

the oxide or the salt of a weak acid at 350M00 0 with carbonyl chloride. 

Aq. soln. of the rare earth chlorides are readily made by dissolving the oxides, 
hydroxides, or carbonates in cone, hydrochloric acid ; and when the soln. are 
evaporated over sulphuric acid ; or when the hot sat. soln. is cooled ; or when the 
cold aq. soln. is sat. with hydrogen chloride, crystalline hydrated chlorides are 
formed. The hydrated salts cannot be dehydrated without decomposition by 
simply heating them in air. The hydrated salts are usually of the type MCIg.CHgO, 
and when heated between 105° and 130° in a stream of dry hydrogen chloride, they 
are partially dehydrated, forming the monohydrated salts MClg.HaO, which are 
completely dehydrated between 180°-200° in a stream of hydrogen chloride. 

The chlorides are all hygroscopic and dissolve in water with the evolution of 
heat. The aq. soln. are neutral to methyl orange. Caesium chloride forms double 
salts with the chlorides of lanthanum, praseodymium and neodymium, and 
samarium, but other double chlorides of the metals of groups I and II have not been 
prepared — excepting the chloroaurates. Double chlorides with antimony, bismuth, 
tin, and platinum have been made. They also form doublo compounds with 
mercuric cyanide, and with alcohol, pyridine, and many organic bases. 

Crystallized oxychlorides of the rare earths were prepared by C. A. Matignon 
and F. Bourion by passing a slow current of air or steam along with an inert gas, 
over the molten anhydrous chloride, and A. Job made them by heating the hydrated 
or oxalo-chlorides to redness. K. A. Hofmann and K. Hdschelo prepared them in 
a crystalline form by adding the oxides or sulphates to molten magnesium chloride ; 
and extracting the soluble salts from the cold mass by dil. acetic or hydrochloric 
acid. G. Urbain prepared crystalline oxychlorides for spectroscopic examination 
by dissolving the oxides in hydrochloric acid, adding ammonium and alkali 
chlorides ; the soln. is evaporated to dryness, the residue carefully heated, and, 
when cold, extracted with water. The residual oxychloride is practically insoluble 
in water, but slowly soluble in dil. acids. A prolonged ignition converts them into 
oxides. 

According to 0. G. Mosander, 3 cerium burns vigorously when heated in chlorine 
gas, and F. Hillebrand and A. Norton prepared the chloride by igniting cerium in 
this gas. According to A. Beringer, if chlorine gas be passed over heated ceric oxi<]o, 
cerium chloride mixed with the oxide is formed, and some oxychloride sublimes. 
Cerium trichloride, or cerous chloride, CeCl 3 , was prepared by F. Wohler, 
A. Beringer, and by F. Hillebrand and A. Norton by evaporating a soln. of the 
carbonate in hydrochloric acid to dryness and igniting the residue, mixed with 
ammonium chloride, at a red heat. H. Robinson ignited the oxalate in a stream of 
hydrogen chloride ; P. Didier ignited the oxide in a stream of carbon dioxide and 
chlorine ; L. Meyer ignited the oxide in a stream of carbon tetrachloride ; and 
C. G. Mosander heated the sulphide in chlorine — free from oxygen ; if all the air 
be not expelled by the chlorine before the sulphide is heated, a mixture of the chloride 
and oxide is formed which fuses with great difficulty. Of the general methods 
described above, F. Bourion’s sulphur chloride process is one of the most convenient. 
The anhydrous chloride forms white deliquescent crystals of sp. gr. 3*92 at 0 ° — 
H. Robinson gives 3*88 at 15*5° — the crystals melt at 848°. According to P. Didier, 
* cerium chloride is decomposed by oxygen or steam, forming cerium sesquioxide, 
CegOg. The salt is very soluble in water, and, according to L. M. Dennis and 
W. L. Magee, the aq. soln.— generally prepared by dissolving cerous oxide or ceric 
hydroxide in cone, hydrochloric acid — when sat. with hydrogen chloride furnishes 
rhombic crystals of hept&hydrated cerous chloride, CeCl 8 .7H 2 0, with the 
H . axial ratios a : b : c==0*8083 : 1 : 1*4419 ; and, according to A. 8. Eakle, 
■*,*the rhombic bipyramidal crystals, CeCl 3 .7JH20, have the axial ratios o:6:c 
=0*6096 : 1 : 0*7857. A. Fock also reported triclinic pinacoidal crystals of 
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hexahydrated cerium trichloride, CeCl 3 .6H 2 0, with the axial ratios a:b:c 
=1*1580 : 1 : 0 8635 ; and a=91° 24' ; 0=414° 9' ; and y=88° 11 J\ These crystals 
are said to be isomorphous with hexahydrated lanthanum trichloride. Accord- 
ing to T. Lange, cerium dioxide, Ce0 2 , dissolves in hydrochloric acid only in the 
presence of a reducing agenb— say hydroferrocyanic acid. L. N. Vauquelin’s 
and A. Beringer’s products were rose-coloured owing to the presence of impurities ; 
the purer crystals obtained by W. Hisinger and J. J. Berzelius are colourless. 
According to J. J. Berzelius, when the heptahydrated chloride is heated, water is 
given of!, then hydrogen chloride, as indicated in describing the general properties 
of these salts. The hydrated salt is also deliquescent, and very soluble in water. 
R. J. Meyer found the eq. conductivity of aq. soln. of cerium chloride rises from 
107*6 with a dilution v — 32 to 135*2 with v=1024, so that the difference A 102 4— A 32 
=27*6, very nearly the value 26 characteristic of strongly basic tervalent cations 
which do not hydrolyze to any marked degree. From the potential of the cell 
H 2 | CeCl 3 | NH4NO3 | Calomel electrode, H. G. Denham computes that about 
0*14 per cent, of the salt is hydrolyzed in a -iV-soln. A. B. Schiotz found that 
the electrolysis of soln. of cerous chloride in the presence of chloride of mercury, 
nickel, platinum, zinc, or aluminium gave deposits containing no cerium ; the 
addition of potassium lactate to the soln. of cerous chloride raised the overvoltage 
to 0*15 volt. With soln. of cerous and ferrous chlorides in the presence of alkali 
lactate, iron with 62 per cent, of cerium was deposited on the cathode. J. H. Hilde- 
brand titrated cerium, praseodymium, and neodymium chlorides with sodium 
hydroxide soln., and measured the e.m.f. against the normal hydrogen electrode 
during the operation. J. J. Berzelius found the colourless aq. soln. becomes brown 
on exposure to the air owing to the formation of a ceric salt. The alcoholic soln. 
burns with a green flame. H. Arnold electrolyzed molten cerium trichloride, and 
he observed a secondary reaction at about 900° so long as there is an excess of water 
present in the molten mass. The dark brown powder has the composition 
CeOCl 2 .l()H 2 0, ceric oxychloride, and it is hydrolyzed by water, forming ceric 
hydroxide and cerous chloride. It is supposed to be formed from the ceric chloride 
produced on the anode : CeCl 4 4-H 2 0=2HCl-f CeOCl 2 . W. Biltz and E. Meinecke 
found cerium trichloride to be insoluble in liquid chlorine. 

M. Barre has shown that cerium chloride readily forms additive compounds with 
ammonia. Gaseous ammonia, when introduced into a tube containing cerium 
chloride at —80°, combines with the development of heat, and there is a con- 
siderable increase in the volume of the mass. By a study of the dissociation 
pressures, this author has established the existence of five different compounds 
of cerium chloride with ammonia, and has prepared them in the form of white 
powders decomposable by water. The compounds are : cerium icosiammino- 
trichloride, CeCl3.20NH 3 ; cerium dodecamminotrichloride, CeCl 8 .12NH 3 ; cerium 
ootamminotrichloride, CeCl 3 .8NH 3 ; cerium tetramminotrichloride, CeCl 3 .4NH 3 : 
and oerium diamminotrichloride, CeCl 3 .2NH 3 . G. L. Clark found the temp, of 
decomposition at 760 mm. press, to be —32° for the icosiamminochloride ; —14°, 
for the dodecachloridc ; 18°, for the octamminochloride ; 67°, for the tetrammino- 
chloride ; and 98°, for the diammi nochloride. E. H. Ducloux prepared crystals of 
CflBSium tetrachlorocerate, CaCl.CeCl 3 , of refractive index 1*58, and recommended 
the reaction as a microchemical test for cerium. The yellow, dichroic, deli- 

a ucscent, monoclinic crystals of tridecahydrated auric hexachlorocerate — 
eCl 3 .AuCl 3 .13H 2 0, according to 8 . Jolin, or CeCl 3 .AuCl 3 .10H 2 0, according to 
M. Holzmann — are deliquescent, and soluble in water and in alcohol. F. Zambonini 
found that up to 2*19 per cent, of cerous chloride, CeCl 3 .3H 2 0, and barium chloride, 
BaCl 2 .2H 2 0, form a series of mixed crystals. 8 . Jolin has prepared hexahedral 
crystals of decahydrated mercuric hanadecacUoroceraie, CeCl 3 .4HgCl 2 .10H 2 0, 
soluble in water ; and J. E. Ahlen, felted needle-like crystals of octohydrated 
mercuric hexacyanotrichlorocerate, CeCl 3 . 3 HgCy 2 . 8 H 2 O, very soluble in water, by 
crystallization from a soln. of mercuric cyanide with an excess of cerium chloride 
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The crystals lose their water of crystallization at 100° or over sulphuric acid They 
crystallize only from soln. containing an excess of the chloride. 

J. J. Berzelius obtained oerium oxychloride, CeOCl, as a residue after heating 
the hydrated chloride in a retort ; F. Wohler, as a by-product, in the preparation 
of cerium from cerium chloride and sodium, when the glag is treated with dil. acid ; 
P. Didier, by the action of water vapour diluted with nitrogen on a molten mixture 
of cerous and sodium chlorides ; C. G. Mosander by the action of a mixture of 
air and chlorine on heated cerium sulphide ; and C. Erk, by the electrolysis of 
molten cerium chloride. The silver-white, mica-like crystals become yellow when 
exposed to the air ; they form ceric sulphate with sulphuric acid ; dissolve slowly 
in nitric acid; and are scarcely affected by hydrochloric acid. A. Beringer 
found that the oxychloride forms the oxide when strongly ignited in an open 
vessel. 

Cerium tetrachloride, or ceric chloride, Ce01 4 , has not been isolated. 
J. J. Berzelius obtained a dark red soln. of a ceric salt in cold cone, hydrochloric 
acid which is believed to contain the complex hydrochloroceric acid, H 2 (VCl fl , This 
soln. decomposes slowly in the cold with the evolution of chlorine, the decomposition 
is rapid when the soln. is heated, and in either case oerous chloride remains. 

I. Koppel, 4 and A. J. Grant and C. James have prepared several double com])ounds 
of ceric chloride with the organic bases — pyridine, quinoline, etc. — by adding the 
base to a soln. of eerie chloride in a methyl alcohol soln. of hydrogen chloride. 
H. Arnold has prepared ceric oxychloride, OeOCl 2 , by the electrolysis of slightly 
hydrated molten cerous chloride. 

Anhydrous lanthanum chloride, LaCl 3 , was prepared by C. G. Mosander 
by evaporating a soln. of the oxide in hydrochloric acid to dryness, and heating 
the product in a stream of hydrogen chloride ; M. Ohoubine also prepared it by 
heating the oxide in a stream of the same gas. The same salt has been prepared 
by several of the general methods — by heating the oxide in a mixture of sulphur 
monochloride and chlorine ; the sulphide, or carbide in hydrogen chloride ; the 
carbide in chlorine ; and by heating the hydrated chloride with ammonium chloride. 
B. S. Hopkins and F. H. Driggs described the preparation of highly purified 
lanthanum chloride. The anhydrous chloride forms colourless crystals which, 
according to F. Bourion, melt at 890°, or, according toC. A. Matignon, at 907° ; and 
solidify to long deliquescent needles recalling aragonite, and which, according to 
F. Bourion, have a sp. gr. of 3 79 at 0°, or, according to C. A. Matignon, 3 947 
at 18°. C. A. Matignon also gives the heat of formation (La, 301) - 263 Cals. ; 
La 2 0 3 -|- 6HCl tt q.== 2LaCl 3aq< -f 3H 2 0 -f 1 1 4 • 6 Cals., or La 2 0 8 +6HC1^2LaCl 8 4-3H 2 0 
4* 160*6 Cals. C. G. Mosander noted that the salt is very soluble in water with the 
evolution of a large amount of heat ; for, according to C. A. Matignon, the heat 
of soln. is 31 3 Cals. W. W. Coblentz studied the ultra-red transmission spectrum. 
A. Voigt and W. Biltz measured the electrical conductivity of the fused chloride. 
According to H. Ley, the aq. soln. is very slightly hydrolyzed ; the eq. conductivity 
rises from 105*8 for a dilution v - 32 to 131*5 for a dilution v=1024, so that A^ 
—A 32 =25*7. The aq. soln. was found by A. Beringer to deposit pale rose-coloured 
crystals, which, according to J. Watts, are white when quite pure. According to 

J. C. G. de Marignac, the triclinic crystals of hexahydrated lan t hanum chloride, 
LaCl 3 .6H 2 0, have the axial ratios a : b : c=l *1593 : 1 : 0*8659; and a^91° 3' ; 
/3-=114° 28'; and y~- 88° 12', and are isomorphous with hexahydrated cerium 
chloride. C. Sflderstrom obtained crystals of heptahydrated praseodymium chloride, 
Pr01 s .7H 2 0, of the same form as J. C. G. de Marignac’s hexahydrated lanthanum 
chloride. There is therefore some doubt about the water content of these hydrated 
salts. The formula LaCl 3 .7JH 2 0 has also been assigned to this salt. R.,Hennaim 
found that when hydrated lan t h frnnm chloride is heated, it loses both water and 
hydrogen chloride, forming lanthanum oxychloride, 2LaCl 8 .3La 2 0 3 , as a white 
residue insoluble in water, and sparingly soluble in hydrochloric and nitric acids, 
and F. Ftfericbs obtained the oxychloride, LaC^.LajO^ that is, LaOCl, by heating 
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lanthanum oxide to 200° in a stream of chlorine gas. The greyish-white powder 
yields but a trace of soluble matter when treated with water. The anhydrous and 
hydrated salts arc both soluble in alcohol, and C. A. Matignon s value for the mol. 
wt. of the chloride by the b.p. method in alcoholic soln. corresponds with 
LaCI 3 ; according to R. J. Meyer and M. Koss, the alcoholic soln. deposits crystals 
of La Cl 3 .2C 2 H 5 OH. B. J. Dryfuss and C. G. L. Wolf found that dil. soln. of 
lanthanum chloride have little or no effect on bacteria ; and 0'8 per cent. soln. 
coagulates the proteins in serum ; and 01 grm. injected hypodermically in guinea- 
pigs causes convulsions followed by death. Lanthanum chloride unites with a number 
of other metal chlorides, forming double salts. R. J. Meyer prepared hydrated 
csBsium hexachlorolanthanate, LaCl 3 .3CsC1.4(or 5)H 2 0 ; J. C. G. de Marignac, 
colourless, double refracting crystals of dodecahydrated mercuric henadeca- 
chlorolanthanate, LaCl 3 .4HgCl 2 .12H 2 0, easily soluble in water; J. E. Ahlen, 
needle-like crystals of octohydrated mercuric hexacyanotrichlorolanthanate, 
LaCl 3 .3HgCy 2 .8H 2 0, like the cerium salt. 

The properties of didymium chloride, DiCl 3 , were investigated by J. C. G. de 
Marignac, 6 P. T. Clove, L. F. Nilson, F. T. Frorichs and E. F. Smith. These became 
of less importance when it was discovered that didymium is a complex mixture, of 
praseodymium and neodymium. J. 0. Perrine found didymium chloride shows 
no ultra-violet fluorescence. The general methods for the preparation of the chlorides 
of the rare earths apply to anhydrous praseodymium chloride, PrCl 3 , namely, the 
action of chlorine on the heated carbide ; of hydrogen chloride on the heated sul- 
phide ; of a mixture of sulphur monochloride and chlorine on the heated oxide ; and 
of hydrogen chloride on the heated hydrated chloride. Praseodymium chloride 
forms bluish-green, transparent, hygroscopic, needle-like crystals. The sp. gr. at 
0° is given by F. Bourion as 4 07 ; by C. A. Matignon, at 18°, as 4*017 ; and by 
G. P. Baxter and O. J. Stewart, at 25°, as 4*020. According to F. Bourion, it melts 
at 810°, and, according to T. Vogt, at 818°, to form a black liquid. It is not volatile 
at 1000°, and, in general, it may be said that the chlorides of the cerium group— 
cerium, lanthanum, praseodymium, neodymium, and samarium — are less volatile 
than the metals of the yttrium group. A. Voigt and W. Biltz measured the electrical 
conductivity of the fused chloride. C. A. Matignon found that at 13*8°, 100 
parts of water dissolve 103*9 parts of the anhydrous chloride. The aq. soln. of the 
chloride, or a soln. of the oxide in hydrochloric acid, furnishes large green crystals 
of heptahydrated praseodymium chloride, PrCl 3 .7H 2 0, which, according to 0. von 
Schpele, have a sp. gr. of 2*251 at 150°, and melt in their water of crystallization at 
115°— G. P. Baxter and O. J. Stewart say 111 0 . At 13*8°, C. A. Matignon says 
that 100 parts of water dissolve 334*2 parts of the heptahydrated chloride, and 
that the soln. is in equilibrium with the same salt. According to C. A. Matignon, the 
heat of the reaction Pr 2 0 3 -b6HCl-2PrCl 3 -b 3H 2 0+147*8 Cals.; and Pr 2 0 3 -f 6HCl aq> 
^2PrCl 3aq -f3H 2 0-l- 106*2 Cals. The anhydrous chloride is very soluble in water, 
and C. A. Matignon gives the heat of soln. PrCl 3 -fAq.— 35*5 Cals. ; for the hepta- 
hydrated chloride, PrCl 3 .7H 2 0-f Aq.~5*3 Cals. ; and for the hydrated chloride, 
PrCl 3 .H 2 0-f Aq. — 28*9 Cals. C. von Scheele says that the crystals of the hepta- 
hydrated chloride do not lose water when allowed to stand over sulphuric acid, but 
C. A. Matignon says that the crystals effloresce in air, forming hexahydrated praseo- 
dymium chloride, PrCl3,6H 2 0, that this salt can be slowly dehydrated to form 
trihydrated praseodymium chloride, PrCl 3 .3H 2 0 ; that when heated to 105°-130° 
in a stream of hydrogen chloride, it forms monohydrated praseody mium chloride, 
PrClj.HjjO ; and that when heated to 180°-200° in the same gas the anhydrous 
chloride is formed. When heated in air to 1 15°, hydrogen chloride and water are 
given off and an oxychloride of indefinite composition remains ; G. P. Baxter and 
0. J. Stewart formed praseodymium oxychloride, PrOCl, by heating the hepta- 
hydrated chloride in oxygen. F. T. Frerichs and E. F. Smith studied the properties 
of didymium oxychloride. K. A. Hofmann and K. Hoschele obtained crystals of the 
oxychloride from a soln. of the oxide in fused magnesium chloride. The cone. 
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aq. soln. of praseodymium chloride dissolves considerable amounts of the rare earth 
oxalates. C. A. Matignon found that when praseodymium chloride is heated with 
hydrobromic or hydriodic acid the bromide or iodide rcsjiectively is formed. 

B. J. Dryfuss and P. G. L. Wolf find the physiological action is analogous to that 
of lanthanum chloride. Praseodymium chloride is very soluble in alcohol, and, 
according to B. Brauner, the mol. wt. in alcoholic soln. agrees with the simple 
formula Prd 3 . C. A. Matignon says that 100 grins, of pyridine dissolve 21 ‘4 grms. 
of praseodymium chloride at 15°. Praseodymium forms double chlorides in the 
same way as cerium and lanthanum chlorides, 

J. C. G. de Marignac prepared the didymtum mercuric chloride, 21)i( , l,.9l£gCl J1 .24H l O, 
in deliquescent cubes; J. E. Ahlen, didymium mercuric chlorocyanidc, l)iCl 3 . 3 H gCy v 8 H 3 0; 
P. T. Cleve, didymium stannic chloride, 2Di01j.2SnCI 4 .2lHj() ; L. F. Nilson, dtdymium 
pi at i nous chlorides, a r dtdymium chloroplatinUes, 21)iCl 3 .3I > K’l J . 18H a O, nmi GiCl.^PtClj. 
IOHjO ; P. T. Cleve, dtdymium platimc chloride, 2L>iCI 3 .2I*tCl 4 .21 H f O, which F. T. French* 
and E. F. Smith said had the composition 2L)iCI 3 ,3PtCI 4 .24ll 3 0 of sp. gr. 2*41 at lfi® ; 
and yellow crystals of auric hexachloropraseodymate, praseodymium < Idoroaurate, 
PrClg.AuClj.lOHjO, which have a sj>. gr. 2*G0 at l. r >°, and which are very soluble in water. 
P. T. Clevo previously had prepared didyinium auric uhlorulo, Difl^AuCL. IOHjO, and 
F. T. Freriehs and E. F. Smith, 2Di(1 3 .3PtCI 4 .2tH^O. U. Suderstruin says the chloroplat inutes 
of the cerium grou]> are isomorphous crystallizing in tetragonal hipyramids the cerium 
salt has tho uxial ratio a:c~l: 1 1272 ; mid the praseodymium salt, «:c- 1 : 1*13. 
Praseodymium chloride also forms double salts with many organic compounds. 

Anhydrous neodymium chloride, NdPl 3 , has been prepared in a similar manner 
to its companion praseodymium chloride. Neodymium chloride forms rose-pink, 
transparent, very hygroscopic crystals. F. Bourion 7 found the bj>. gr. to be 4*14 
at 0° ; C. A. Matignon, 4195 at 18° ; and G. P. Baxter and H. C. Chapin, 4134 
at 25°. According to F. Bourion, neodymium chloride melts at 784°, forming a 
red liquid, although 0. A. Matignon says that the salt becomes green in colour 
below the m.p. A. Voigt and W. Biltz measured the electrical conductivity of 
the fused chloride. C. A. Matignon found at 13°, 100 parts of water dissolve 96 68 
parts of the salt at 13°, and 140 parts of the salt at 100° ; in both cases, the solu. is 
in equilibrium with the hexahydrated chloride. The aq. soln. of the chloride 
furnishes large, rose-pink, rhombic prisms of hexahydrated neodymium chloride, 
NdCl 3 .6H 2 0, which have a sp. gr. 2 282 at 16 5°, and which are readily soluble in 
water, for 100 grms. of water at 13° dissolve 246*2 grms., and at 100°, 511*6 grms. 
The cone. aq. solu. dissolves neodymium oxalate on warming, and as the soln. is cooled 
crystals of neodymium chloroialale separate out. According to C. A. Matignon, 
the heat of the reaction : Nd 2 0 3 4 6HCV -2NdPl 3a(| .+3H 2 0, is +106*6 Pals. ; tho 
heat of soln. of the anhydrous chloride, 35*4 Pals. ; and of the hexahydrated 
chloride, 7*6 Cals. When hexahydrated neodymium chloride is heated to 115° 
in a stream of hydrogen chloride, it forms monohydrated neodymium chloride, 
NdPl 3 .H 2 0, which loses all its water when the temp, is carried up to 160°, and 
the anhydrous chloride remains. By heating the hexahydrated chloride in air 
or steam, C. A. Matignon obtained mauve-coloured leaflets of neodymium OXy- 
Chloride/Nfioci, which do not fuse at 1000°. K. A. Hofmann and K. Hoschele 
obtained crystals from a soln. of the oxide in fused magnesium chloride. 

C. A. Matignon found that acetylene is polymerized catalytically when passed over 
heated neodymium chloride, graphite being simultaneously deposited. B. J. Dryfuss 
and C. G. L. Wolf observed that soln. of neodymium chloride have the same 
physiological action as the salts of praseodymium and lanthanum. Neodymium 
chloride is soluble in alcohol, and C. A. Matignon reports that 100 parts of this 
solvent at 20° dissolve 44*5 parts of the salt; the heat of soln. in alcohol 
is 21*5 Cals. ; the mol. wt. in alcoholic soln. corresponds with thfe fonnula 
NdCL and the alcoholic soln. deposits crystals of NdCl 8 .3C 2 H 4 OH. Similarly, 
100 parts of pyridine at 15° dissolve 1*8 parts of the salt, and the soln. deposits 
crystals of NdCl 3 .3C 6 H 6 N. Other compounds with organic bases have been 
reported. 
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According to C. A. Ma tignon and R. Trannoy, when anhydrous neodymium 
chloride is exposed to the action of gaseous ammonia at a low temp, or k 
scaled in a tube with liquefied ammonia, it is converted into the additive com- 
pound, NdCI 3 .12NH 3 . This, on being gradually heated, dissociates, giving rise to 
a series of less complex additive products, the formulae, dissociation temp., and 
heats of formation (in each case from the preceding compound in the list) of which 
are as follows : neodymium monoamminochloride, 360°, 20-2 Cals. ; neodymium 
diamminochloride, NdCl 3 .2NH 3 , 255°, 16 9 Cals.; neodymium tetrammino- 
chloride, NdCl 3 .4NH 3 , 157°, 137 Cals. ; neodymium pent&mminochloride, 
NdCl 8 .5NH 3 , 117°, 12*5 Cals.; neodymium octamminochloride, NdCl 3 .8NH 3 , 
79°, 112 Cals. ; neodymium henadecamminochloride, NdCl 3 .llNH 3 , 26°, 9*5 
Cals. ; and neodymium dodecamminochloride, NdCl 3 .12NH 3 , —10°, 8*4 Cals. 
The heats of formation were calculated from the law of the constant change 
of entropy. 8 

Anhydrous samarium trichloride, or samarium chloride , SaCl 3 , can be prepared 
by the general methods for the anhydrous chlorides of the rare earths. 

C. A. Matignon, 9 and F. Bourion used the Bulphur chloride process. 0. J. Stewart 
and C. James mado a highly purified chloride for their at. wt. determinations. 
Samarium chloride forms a hygroscopic crystalline powder with a faint yellow 
tinge. F. Bourion gives for the sp. gr. at 0°, 4*27 ; and C. A. Matignon, 4*465 
at 18°. According to F. Bourion, samarium chloride melts at 686° to form a dark 
brown liquid. C. A. Matignon found the salt dissolves readily in water with a 
hissing noise, and the aq. soln. deposits large yellow plates of hexahydrated 
samarium chloride, SaCl 8 .6H 2 O f which, according to P. T. Cleve, have a sp. gr. 2*383. 
When the hexahydrated chloride is heated to 110° in a stream of hydrogen chloride, 
it forms monohydrated samarium chloride, SaCl 3 .H 2 0, which, under similar con- 
ditions, at 180°, forms the anhydrous salt. C. A. Matignon gives for the heat 
of the reaction : Sa 2 0 3 -bfiHCl=2SaCl 3 -}-JH2D - l~128‘4 Cals. ; for Sa 2 0 3 4“6HCl a q < 
=2SaCl 3A(li 4-3H 2 0 -f94'63 Cals.; and for the heat of soln. of the anhydrous chloride, 
37*4 Cals. When the anhydrous chloride is heated in oxygen, it forms samarium 
oxychloride, SaOCl, of sp. gr. 7*017, and P. T. Cleve prepared the same compound 
by calcining the oxide in chlorine. K. A. Hofmann and K. Hoschele obtained 
crystals of the oxychloride from a soln. of the oxide in fused magnesium chloride. 
Samarium chloride is soluble in alcohol and in pyridine, and C. A. Matignon found 
100 grms. of pyridine at 25° dissolve 6*38 grms. of chloride, and that when the 
pyridine soln. is heated, a gelatinous compound separates out, and this redissolves 
when the soln. is cooled. E. Fouard found that soln. of samarium chloride accelerate 
the oxidation of quinol more than do any of the other rare earth chlorides. 

C. A. Matignon and R. Traimoy found that when anhydrous samarium chloride is 
sealed in a tube with liquid ammonia, it is converted into a white, voluminous com- 
pound, SaCl 3 , 11*5NH S , which, on being progessively heated, gives of! its ammonia 
at eight different temp., which are the dissociation temp, of the eight compounds 
which samarium chloride forms with ammonia ; the formulae of the compounds, 
their dissociation temp, at 760 mm., and heats of formation, are, respectively, as 
Mow : samarium monoamminochloride, SaCl 3 .NH 3 , 375°, 20 7 Cals. ; samarium 
diamminochloride, SaCl 3 .2NH 8 , 240°, 16*4 Cals. ; samarium triamminochloride, 
Sa01 8 .3NH 3 , 200°, 15*1 Cals.; samarium tetnunminochloride, SaCl 3 .4NH 3 , 155°. 
137 Cals. ; samarium pentamminochloride, SaCl 3 .5NH 3 , 105°, 121 Cals.; samarium 
octamminochloride, S&CI3.8NH3, 76°, 112 Cals.; samarium hemienneadeca* 
ftmmino chloride, SaCl 3 .9j(or 8)NH 3 , 40°, 10*0 Cals. ; and samarium hemitrioosi* 
ammino chloride, SaCl 3 .llJNH 3 , 15°, 9*2 Cals. G. L. Clark discussed this subject. 

By mixing soln. of the component chlorides, P. T. Cleve prepared deliquescent 
orange-rea prisms of platinio heptachlorosamarate, SaCl 3 .PtCl 4 .10iH 2 0, of sp. 
gr. 2712 ; and rhombic plates of auric hexachlorosamarate, SaCl 3 .AuCl 8 .10H 2 O # 
of sp. gr. 2742, 

C. A. Matignon and E. Cases prepared samarium diohloride, or tumorous 
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chloride , Sad*, by heating anhydrous samarium chloride in a current o! dry 
hydrogen or ammonia; and by heating samarium trichloride with powdered 
aluminium. This compound forms dark reddish-brown orystals of sp. gr, 3 687 
at 22°. It dissolves readily in water, forming a reddish-brown soln. which gradually 
loses its colour as hydrogen is evolved, and samarium hydroxide is precipitated : 
6SaCl 2 -f-6H 2 0=4SaCl 3 -{- 2Sa(OH) 3 -f 3H 2 ; the rapidity with which the colour dis- 
appears is accelerated by shaking the soln. in air : 12SaCl 2 -f 6H 2 0-f 30 a *=8SaCl 8 
-f 4Sa(OH) 3 . Samarium subchloride is insoluble in alcohol, carbon disulphide, and 
other organic solvents. 

Anhydrous cerium tribromide, CeBr 3 , is white hygroscopic crystalline powder 
which can be made by one of the general methods— W. Muthmann and L, StUtzeTs, 10 
H. Robinson’s or F. Bourion’s processes. The soln. in water is slightly acid ; no 
definite hydrates have been reported, but a number of double salts have been obtained 
by 8. Jolin, J. Dehnicke, and by G. T. Morgan and E. Cahen : J. Dchnicke made 
antimony hexabromocer&te, CeBr 3 .SbBr 3 .12H 2 0 ; bismuth henicoeibromocerate, 
CcBr 3 .6BiBr 3 .20H 2 O ; bismuth hexabromocerate, CeBr 3 .BiBr 3 .12H 2 0; stannic 
heptabromocerate, CeBr 3 .SnBr 4 .10H 2 0 ; and auric hexabromocerate, CoBr 3 .AuBr 3 , 
8H 2 0, was made by S. Jolin in dark brown deliquescent crystals. F. T, Frerichs and 
E. F. Smith made anhydrous lanthanum bromide, LaBr 3 , by F. Bourion’s process ; 
E. Cahen heated lanthanum oxide in bromine vapour, but F. T. Frerichs and 

E. F. Smith found that lanthanum oxybromide, LaOBr, is so formed. The resulting 
white fused mass dissolves in water, producing a soln. which has no action on methyl 
orange but colours litmus wine red, because the soln. is slightly acid through hydro- 
lysis. The aq. soln. obtained by dissolving lanthanum oxide in hydrobromic acid fur- 
nishes colourless crystals of heptahydrated lanthanum bromide, LaBr 3 .71I 2 0. These 
crystals are soluble in water and in alcohol, and form double salts with many metallic 
bromides ; F. T. Frerichs and E. F. Smith made zinc dodecabromolanthanate, 
2LaBr 3 .3ZnBr 2 .39H 2 0 ; and nidtel dodecabromolanthanate, 2LaBr 3 .3Nillr 2 .181{ 2 () ; 
1\ T. Cleve made auric hexabromolanthanate, LaBr 3 .AuBr 3 .9H 2 () ; J. Dehnicke 
made bismuth hexabromolanthanate, LaBr 3 .BiBr 3 .12H 2 0 ; antimony hexabromo- 
lanthanate, LaBr 3 .SbBr 3 .12H 2 0 ; and antimony dodecabromolanthanate, LaBr 3 . 
3SbBr 3 .20H 2 0. F. Bourion prepared anhydrous praseodymium bromide, PrBr a , 
by heating the brown oxide in the vapour of sulphur monochloride and hydrogen 
bromide. The green crystalline powder resembles the corresponding chloride; 
it dissolves slowly in water, forming a soln. which iB slightly hydrolyzed. The aq. 
soln. of the oxide in hydrobromic acid furnishes green crystals of hexahydrated 
praseody mium bromide, PrBr 3 .6H 2 0. P. T. Clove made deliquescent tabular 
crystals of zinc enneabromodidymate, DiBr 3 .3ZnBr 2 .12H 2 0,to which F. T. Frerichs 
and E. F. Smith assigned the formula 2DiBr 3 .3ZnBr 3 .36H 2 0, and to the correspond- 
ing nickel dodecabromodidymate, 2DiBr 3 .3NiBr 2 .18H 2 0. P. T. Cleve made black 
deliquescent crystals of auric hexabromodidymate, DiBr 3 .AuBr 3 .i()H 2 0, of Bp. gr. 
3*304. Red crystals of platinic heptabromopraseodymate, PrBr 3 .PtBr 4 .10H 2 O, 
of sp. gr. 2*41 at 16°. Anhydrous neodymium bromide, NdBr a , was prepared by 

F. Bourion in a similar manner to the praseodymium salt. The green crystalline 

substance melts to a dark brown liquid. The aq. soln, is slightly hydrolyzed 
Anhydrous s amari um bromide, SaBr 3f was made by F. Bourion by passing the 
vapour of sulphur bromide and hydrogen bromide over the heated oxide. The 
yellow fused mass dissolves slowly in water, forming a soln. which is slightly 
hydrolyzed. According to P. T. Cleve, the aq. soln. obtained by dissolving the oxide 
in hydrobromic acid forms yellow deliquescent crystals of hexahydrated samarium 
bromide, SaBr 3 .6H 2 0, of sp. gr. 2-971 ; it also forms with auric bromide, turiO 
hexabromosamarate, SaBr 3 .AuBr 3 .10H 2 0. ’ 

The iodides of the rare earths have been studied even less than the bromides., 
L. T. Lange 11 made colourless crystals of enneahydrated cerium iodide, CeI 3 .9H 2 0, 
by evaporating in vacuo over sulphuric acid a soln. of cerium dioxide in hydnodio > 
acid. The crystals turn brown when exposed to air owing to the separation of iodine. 
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Lanthanum iodide lias been reported, and the equilibrium, conditions in the 
presence of iodine whereby a polyiodide is produced, have been studied by R. G. van 
Name and W. G. Brown, but T. F. Frerichs and E. F. Smith prepared zinc 
dodecaiodolanthanate, 2LaI 3 .3ZnI 2 .27H 2 0, in hygroscopic needle-like crystals. 
C. A. Matignon has prepared praseodymium iodide, Prl 3 , and also neodymium 
iodide, Ndl 3) by the action of hydrogen iodide on the anhydrous chlorides heated 
just below their melting points. According to C. A. Matignon, neodymium iodide 
melts to a black liquid, which at a higher temp, becomes transparent owing to. the 
formation of an allotropic modification. C. A. Matignon also made samarium 
triiodide, Sal 3 , in a similar manner to the neodymium salt. The orange-yellow 
crystals become deeper in colour as the temp, is raised and pass through orange, 
brick-red, and finally, at 800°, black. When heated to a high temp, in a stream of 
hydrogen iodide, yellow samarium diiodide, SaT 2 , is formed. This compound 
dissolves in water, forming a brown soln. which, on standing, loses its colour and 
deposits gelatinous samarium hydroxide. 
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§ 15 . The Sulphides of the Cerium Metals 

The a ulphirles of the rare earths have not been prepared in the wet way, i, c 
by the action of hydrogen sulphide, or of ammonium or alkali sulphide on aq 
soln. of the salts. When ammonium or an alkali sulphide is added to an aq. soln 
of a salt of the rare earths, the hydroxide is precipitated. Hydrogen sulphide has 
no perceptible action. In this respect, the rare earth metals resemble aluminium 
and chromium ; but unlike these elements, the cerium metals furnish sulphides 
which are fairly stable in contact with water at ordinary temp. The normal sul- 
phides are of the sesquisulphide type, R 2 S 8 ; but they also form polysulphides, and 
some oxysulphides have been reported. 

C. G. Mosander 1 made cerium sulphide, Ce 2 S 3 , by heating the metal in the 
vapour of sulphur, and by passing the vapour of carbon disulphide over heated 
oerous carbonate. A. Beringer substituted ceric oxide in place of the carbonate. 
E- T. Frerichs and E. F. Smith also prepared cerium sulphide by this process. 
i > . Didicr prepared this sulphide by passing a current of dry hydrogen sulphide over 
a fused mixture of sodium chloride and anhydrous cerium chloride, and extractingthe 
soluble salts with cold water. According to C. G. Mosander, when a mixture of ceric 
oxide ( or cerium chloride) with three times its weight of potassium polysulphide (liver 
of sulphur), is strongly heated in a covered vessel for half an hour, and the potassium 
sulphide removed by leaching with water, small crystalline scales of cerium sulphide 
are formed; they have a yellow or yellowish-green colour like mosaic gold. 
W. Muthmann and L. Stiitzel did not succeed in making the gold-yellow crystalline 
sulphide by this process ; and J. Sterba said that C. G. Mosander’s crystalline sul- 
phide was really crystalline ferric sulphide. A. Beringer claimed to have made a 
crystalline variety resembling (J. G. Mosander’s cerium sulphide by using sodium 
polysulphido in place of potassium polysulphide ; but this is probably a similar 
mal-observation. 

C. G. Mosander also prepared lanthanum sulphide, La 2 Ss, by the carbon 
disulphide process. T. Lange, R. Hermann, and F. T. Frerichs and E. F. Smith 
also prepared lanthanum sulphide by the processes employed for cerium sulphide. 
W. Muthmann and L. Stiitzel prepared it by a process similar to that employed for 
cerium sulphide, namely, by heating the anhydrous sulphate in a stream of 
hydrogen sulphide. W. Biltz showed that the disulphide, LaS 2 , is first formed, and 
if the temp, exceeds 650°, the latter compound is converted to the sesquisulphide. 

F. T, Frerichs and E. F. Smith prepared didymium sulphide by G. G. Mosander s 
carbon disulphide process. W. Muthmann and L. Stiitzel prepared praseodymium 
sulphide, Pr 2 &j, and neodymium sulphide, NdA, by the same process as that 
employed for the lanthanum and cerium sulphides. W. Biltz observed that as 
in the case of lanthanum, praseodymium disulphide is formed if the temp, be 
not high enough. H. Moissan found that if sulphur vapour bo passed over 
praseodymium carbide at 1000°, a mixture of the sulphide and graphite is formed. 
H. Erdmann and F. Wirth prepared samarium sulphide, Sa 2 S 3 , by heating the 
anhydrous sulphate in a stream of dry hydrogen sulphide. H. Moissan made 
samarium sulphide by the action of sulphur vapour or hydrogen sulphide on 
samarium carbide heated to a high temp. ; and C. A. Matignon made it by passing 
dry hydrogen sulphide on heated anhydrous samarium chloride. 

Cerium sulphide, as prepared by P. Didier, was a porous mass, and vermilion or 
black according to the temp, of preparation ; the crystals he made were red and trans- 
lucent. W. Biltz said cerium sesquisulphide is red. W. Muthmann and L. Stiltzel’s 
prooess furnishes black, or brownish-black, pulverulent cerium sulphide ; yellow 
lanthanum sulphide ; chocolate-brown praseodymium sulphide ; and olive-green 
neodymium sulphide ; H. Erdmann and F. Wirth’s samarium sulphide was a 
yellow powder. P. Didier’s cerium sulphide had a sp. gr. 5*1, and W. Muthmann 
and L. StUtzel’s, 5 020 at 11°, while the lanthanum sulphide had a sp. gr. 4*9108 
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praseodymium sulphide, 5 042 at 11°; and' neodymium sulphide, 6-1T9 
at 11° ; and H. Erdmann and F. Wirth’s samarium sulphide, 3 ' 7 , AU agreo that 
the sulphides are fairly stable in air at ordinary temp., but if heated m wr, tftey 
burn with a blue flame, forming sulphur dioxide, and a mixture of oxide andsuJphate 
is formed, or, as C. G. Mosander expressed it with respect to cerium r*i 

product of the combustion is a basic cerium sulphate. W . Muthmann and 
found that finely divided cerium sulphide ignites spontaneously m air at ordinary 
temp. J. Sterba said that the spontaneous ignition occurs only when cerium 
oxysulphide has been produced by using moist hydrogen sulphide. All agree that 
the sulphides are slowly hydrolysed by hot water with the evolution of hydrogen 
sulphide; the hydrolysis is fastest with lanthanum sulphide. The sulphides i are 
dissolved by diUcids with the evolution of hydrogen sulphide, mum su ilph de, 

said P. Didier, dissolves even in acetic acid without the separation of su phu I , 
and when treated with alkah sulphide it undergoes alteration, ^ ^ ^ 

crystalline. C. 0. Mosander said that a soln. of potassium hydroxide . o.iverU 
cerium sulphide into a green powder which appears to be an oxysu pliido. W • »«»* 
maun and L. Stiitzel found that dry hydrogen chloride or bromide passed over the 
dry sulphide furnishes the corresponding cerium, lanthanum, praseodymmm, o 
neodymium halide. According to 0. «. Mosander, when g 

in chlorine gas it is resolved into cerium and sulphur chlorides, but it is not altered 

by heating it in the vapour of iodine, phosphorus, or potassium. 

y In 1826, C. G. Mosander said that cerium disulphide had not been isolated, and 
was known only in combination with electronegative metal sulphides W. Brit 
passed a current of hydrogen sulphide over cerium sulphide at o80 -600 , ai d fi u 
that in about 20 hrs., 2 to 3 grms. of the sesqu. sulphide were onm d oto 
cerium disulphide, Ce 2 S 4 . The progress of the formation of the polys “F 1 ' 1 ® " 
best followed by weighing from time to time, but since cerium 
been obtained, of approximately the same weight per mol a complcU 
necessary to characterize the compound. Cerium isu p. . 17.7 

brown crystalline powder, moderately stable m air and in cold water A 17 T^pcr 
cent soln. of hydrochloric acid dissolves tlio disulphide in t * » . 

of hydrogen pcLlpbide is perceptible, and sulphur is afterwards de^i e i. Th 
is taken to prove that the disulphide is not a true analogue °*^ e . .^’.esuni! 
rather a Dolvsulohide CeA.S. The conversion of the disulphide into the sesqui 
rattier a poiysuipmut, o decomposition is about 

sulphide has been examined up to 1200 . dhe temp, oi ac^ompo 

720° * the lower sulphide is stable at a red heat, and does not rea y © 

L nitrogen aTTatTemp., but between 1400° and 1500° it mjts anddecomnmie. 
The scsquisulphide prepared at 745 , when heated in a currcn V ? ie^only 
for thirty hours at 615°, <lid not reabsorb sulphur. This 
apparent as hy heating the disulphide in a current of hydrogen i a 4U the ses^u 
sulphide was obtained, and this product reabsorbed 4 2 I ,cr of 

heat of soln. of the disulphide, CeS 2 , in hydrochloric acid s ^,500 cals ., tliat^ol 

08, -s. 31,800 ..I, (39.5W ‘J.,'” “•I’* ,'Xlt ..cIm, ByU» 

sulnhate at 580°-600° in a current of hydrogen sulphide. The prod , . 

as a polysulphide, La*M, ‘ cid 

650°. A compansonof the h»t t of a " tht snip / theoretical dis- 

^ y to° b S Ihetsr S 7ZSZ* peU. Priecdyrnfutu 
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disulphide, PrS 2 , dissociates at a temp, near that of the lanthanum compound. 
J. J. Berzelius and W. Hisinger mentioned the formation of an apple-green powder 
of cerium oxysulphide by heating cerous carbonate with sulphur, or in a stream 
of hydrogen sulphide. A little basic sulphate is usually present. Acids decompose 
the oxysulphide with the evolution of hydrogen sulphide and the separation of sul- 
phur. C. G. Mosander also mentioned cerium oxysulphide— vide supra — but 
W. Muthmann and L. Stiitzel could not obtain this product. W. Biltz prepared 
cerium oxysulphide, Cc 2 S 2 jOS ; and J. Sterba also obtained an oxysulphide by using 
moist instead of dry hydrogen sulphide in the preparation of cerium sulphide. 
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§ 16. The Sulphates o! the Cerium Metals 

J. J. Berzelius and W. Hisinger 1 made anhydrous cerous sulphate, Ce 2 (S0 4 ) 3 , 
by dissolving the carbonate in cold dil. sulphuric acid. The hydroxide or oxide 
can be used ; if ceric oxide be used a little reducing agent like hydroquinone is added 
to reduce ceric to cerous sulphate. P. Berthier dissolved ceric oxide in sulphurous 
acid. The aq. soln. is evaporated for crystallization, and the crystals are dehydrated 
by heat. B. Brauner and co-workers, and G. Wyrouboff and A. Verneuil showed 
that the temp, of dehydration should be 400°-450° — if it exceeds 500°, the sulphate 
begins to decompose. E. Lowenstein measured the vap. press, of hydrated cerium 
sulphate, and found evidence of the existence of the octo-, penta-, tetra-, and 
di-hydrates. M. Stuart found an efflorescence of cerium sulphate on some graphite 
from Velland, Travancore. Anhydrous cerium sulphate thus prepared is a white 
hygroscopic powder. Anhydrous lanthanum sulphate, La 2 (S0 4 )3, is also a white 
hygroscopic powder, and it is prepared in a similar way. B. Brauner and 
F. Pavlicek, and H. 0. Jones showed that the dehydration must be carried out at 
600°-650°, for if the temp, be less, the whole of the water will not be expelled, or 
some acid sulphate will remain undecomposed. E. Lowenstein measured the vap. 
press, of hydrated lanthanum sulphate, and found evidence of the existence of the 
ennea-, hexa-, and tri-hydrates. He also obtained the octo-, hexa-, and penta- 
hydrates of didymium sulphate. The sulphates of the remaining members of the 
family are hygroscopic powders, and arc obtained in a similar manner — anhydrous 
pnwodymium sulphate, Pr 2 (S0 4 ) 3 , is light green ; anhydrous neodymium sulphate, 
Nd 2 (S0 4 ) a , is light red ; and anhydrous samarium sulphate, Sa 2 (S0 4 ) 3 , is pale 
yellow; B. D. Keyes and C. James thus describe the preparation of Bamarium 
sulphate in the following manner : 

Samarium oxalate was ignited and the oxide dissolved in hydrochloric acid. To the 
cool soln. there was added a little more sulphuric acid than was required to unite with the 
samarium present, after which the mixture was poured into a large excess of alcohol. The 
precipitated sulphate was filtered off, washed with alcohol and rendered anhydrous by 
heating. The anhydrous sulphate was dissolved in water, filtered, and the filtrate 
evaporated upon the steam- bath. The purified salt was then dried and very finely powdered. 

The sp, gr. of anhydrous cerous, lanthanum, and praseodymium sulphates are 
respectively 3 91, 3*60, and 3 726 at 158°. L. F. Nilson and O. Pettersson gave 
for the sp. ht. of anhydrous cerous, lanthanum, and didymium sulphates 0*1168, 
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0*1182, and 0*1187 between 0° and 100° ; and for the corresponding mol ht., 66*23, 
66*90, and 68*96. B. Brauner represented the sp. gr. of soln. of cerous sulphate 
containing p parts of Ce 2 (S0 4 ) 3 in 100 parts of water, at 15° : 

P ... 2 4 6 8 10 12 14 

Sp.gr. . . 1 01888 1*03796 1*05691 1*07572 1*09441 M1296 1*13137 


or sp. gr.— 0*999665+0 0096401p-f0 0000166p 2 . C. von Scheele. gave for anhydrous 
praseodymium sulphate the sp. gr.3’720. According to G. Wyrouboff and A. Verncuil, 
and B. Brauner and A. Batek, cerous sulphate begins to decompose at 500°, and 
at a white heat it is completely converted into the dioxide. The. other sulphates 
behave similarly, but lanthanum sulphate resists thermal decomposition better than 
any of the rare earth sulphates. L. Wohler and M. GrUnzweig measured t lie dis- 
sociation press, of some rare earth sulphates between 800° and 102U U with the idea 
of obtaining a measure of the basicity of the rare earths. The following represents 
the partial press., p, of the sulphur trioxide, and the heats of dissociation, Q, at 900°. 
The values of Q were computed from Nernst’s theorem. 

La Pr Nil Sh 

Press, of S0 3 at 900° . . 2 5*5 6*0 8*0 

Heat of dissociation . 59*8 57*4 57*2 56*6 


E. Wedekind and 0. Hausknecht found the at. magnetism of cerous ((V 11 ) 
sulphate to be +22(X)xl0“° ; ceric (Ce ,v ) sulphate, 37*5 x 10 6 ; lanthanum 
Bulphate, t-84x 10~°; praseodymium sulphate, -\ 5100X IP -6 ; neodymium sulphate, 
+5270 X 10" 6 . The different observers agree that the rare earth sulphates are com- 
pletely decomposed only at a white heat ; and when heat ed between 900 and 1000 
L. Wohler and M. GrUnzweig said between 800° and 850°— the product* are often 
called basic sulphates, or oxysulphates, and represented by the formula R 2 0 3 .S0 a , 
or R 2 O 2 SO 4 . C. A. Matignon said that praseodymium dioxysulphate, Pr 2 0 2 S0 4 , 
and neodymium dioxysulphate, Nd 2 0 2 S0 4 , are amorphous powders insoluble in 
water or cold dil. sulphuric acid, and stable at 1000 ° ; the former is green, the latter 
pink ; samarium dioxysulphate, Sa 2 0 2 S0 4 , has similar properties, and it is pale 
yellow. L. Wohler and M. GrUnzweig obtained lanthanum dioxysulphate, U 2 () 2 80 4 , 
and cerous dioxysulphate, 0 2 0 2 S0 4 . 

L Pissarjewsky gave for the heats of formation of some rare earth sulphates 
2{Ce(0H) 3 .0.0H)+3H 2 S0 4Iul =Ce 2 (.SO,) 3 „ (| +H,0 2 „ (1 + 0, +29-95 Cals I C. A. 
Matignon, La 2 0 3 -) 3H 2 S0 4 ^I.a 2 (S0 4 ) 3 +:iII 2 0 1 1382 Cab. ; ami La 2 (S0 4 )„+Aq. 
=La 2 (S0 4 ) 3a „.+34-6 Cals. ; Pr 2 0 3 4 3H 2 S0 4 -Pr 2 (S0 4 ) 3 +3H 2 0+120-7 Cab. ; and 
Pr 2 (80 4 ) 3 +Aq.-— Pr 2 (S() 4 ) 3a q.+360Cab. ; 2Nd+38+60 2 -Nd 2 (S0 4 ) 3 +928'2Ub. ; 
2Nd+3S+fi0 2 4 8H 2 0=Nd 2 (S0 4 ) 3 .8H 2 0 +946'8Cab; Nd 2 0 3 +3H 2 S0 4 -Nd 2 (80 4 ) 3 
+3H a O+1251 Cab.; Nd 2 0 3 + 3 H 2 8 (), wl .-Nd 2 (S 0 4 )„,H 3H 2 0+1064 Cab.; 
Nd 2 (S0 4 ) 3 +A<i---Nd 2 (S0 4 ) 3u , l .+36-5 Cab. ; N,l 2 (80 4 ) 3 .BH 2 0+Aq.-Nd 2 (M) 4 U. 
+8-3 CWs. ; and Nd 2 (S0 4 ) 3 .8H 2 0+Aq.=Nd 2 (S0 4 ) 3a ,,.+ 6'7 Cab. ; 8a 2 0 3 4 3H 2 80 4 
=Sa 2 (S0 4 ) 3 +3H 2 0+ 113-8 Cab.; and Sa 2 (S0 4 ) 3 +Aq.-8a 2 (80 4 ) 3w| .+38-8 Cab. 
The electrical conductivities of aq. soln. of cerous sulphate have been determined 
by A. Aufrecht and K. Holmbcrg. The eq. conductivities of soln. of a gram cq. of 
the salts in v litres of water at 25° are as follow ; 


0 ,( 80 ,), ( 5 | 
La,(S0 4 ),{j 
Pr,(S0 4 ),{J 
Nd,(SO,),g 
8»,(SO,) 5 ^ 


33 

66 

45*00 

53*71 

33*80 

07*72 

43*58 

50 30 

3*46 

13*84 

26*46 

36*12 

33*47 

66*94 

40*61 

48*15 

31*35 

62*70 

31*17 

43*49 


132 

264 

63*63 

74*09 

135*44 

270*88 

58*49 

08*89 

55*30 

110*72 

49*14 

58*41 

133*88 

267*70 

— 

62*23 

125*40 

250*80 

51*59 

61*39 


528 

1056 

87*17 

100*90 

541*76 

1083*25 

80*93 

96*26 

442*88 

885*76 

07*40 * 

92*70 

535*52 

1071*04 

80*21 

95*95 

501*60 

1003*2 

72*76 

89*24 
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Those of praseodymium sulphate were measured by H. C. Jones and H. M. Reese, 
C. von Schcelc and A. Aufrecht ; those of lanthanum sulphate, by K. Holmberg, 
A. A. Noyes and J. Johnston, A. Aufrecht ; those of neodymium sulphates, by 
H. C. Jones and H. M. Reese, A. Aufrecht ; and those of samarium sulphates, 
by A. Aufrecht, A. A. Noyes and J. J, Johnston gave for the percentage ionization 
of soln. of lanthanum sulphate : 

v .... 5 10 20 80 600 oo 

Percentage ionization . 1 3'2 16*8 19" 10 27*8 46*0 100 


A. Aufrecht calculated the degrees of ionization of soln. of neodymium and of 
praseodymium sulphates from the lowering of the f.p. of aq. soln., and found for 
v=2*54 and 92*61 , the percentage ionization of praseodymium sulphate in aq. soln. 
was respectively 29 and 88 ; with soln. of neodymium sulphate, v— 4*65 and 5*72, 
the percentage degree of ionization was 40 and 72 respectively. According to 
S. H. Katz and 0. James, aq. soln. of samarium sulphate are slightly hydrolyzed. 

The hydrated forms of these sulphates are best considered in connection with 
the solubility curves, i.e. the equilibrium conditions in connection with the binary 
system, R 2 (S0 4 )3— H 2 0. F. J. Otto showed that when anhydrous cerous sulphate 
is sprinkled with water, much heat is evolved, and the mixture cools to a solid mass 
which dissolves with difficulty. The early observers noted that if a soln. of the salt 
in cold water be heated, pale red crystals of a hydrate — they thought sesquihydrate 
— are deposited, and the crystals redissolve as the liquid cools. The solubility of 
cerous sulphate in cold water is greater than that of magnesium sulphate, and it 
exhibits a very different behaviour from that shown by the alkaline earth sulphates. 
The phenomenon is related with that shown by thorium sulphate investigated by 
H. W. B. Roozebooin. Measurements of the solubility of cerous sulphate in water 
made by B. Brauner, H. Biihrig, F. Wirth, W. Muthmann and H. Rolig, and. by 



G. Wyrouboff, were shown byJ. Koppel to be inaccu- 
rate. There are at least five definite hydrates, and 
the ranges of stability and transition points are 
indicated in Fig. 19. The dodecahydrate , Ce 2 (S0 4 ) 3 . 
12H 2 0, was obtained as a mass of felted needle-like 
crystals, by W. Muthmann and H. Rolig, G. Wyrouboff, 
and J. Koppel, by the evaporation of a sat. soln. of 
the anhydrous salt, at 0°, over sulphuric acid ; by 
S. Jolin, by evaporating a soln., at 0°, in air ; or, by 
stirring the lower hydrates with ice-cold water. The 
solubilities of the dodecahydrate at 0 P , 18*8°, and 
19*2° are respectively 14*20, 14*91, and 15*04 grms. of 
Ce 2 (S0 4 ) 3 per 100 grms. of soln. At 16°, the dodeca- 


Fia. io. — Solubility of Cerous hydrate slowly passes into the octohydrate, although 
Sulphate in Water. it is stable in contact with the soln. only between 


0° and 3°. The enneahydrate , Ce 2 (S0 4 ) 3 .9H 2 0, was 
prepared by C. M. Marx, J. J. Berzelius and W. Hisinger, L. N. Yauquelin, 
M. H. Klaproth, C. Ozudnowitz, R. Hermann, E. H. Kraus, J. C. G. de Marignac, 
F. J. Otto, G, Wyrouboff, etc. According to J. Koppel, the enneahydrate is 
obtained by the slow evaporation of a sat., but not supersat., soln. of the sulphate 
at 40° to 45°, and seeding with a crystal of the enneahydrate. If the soln. be not 
seeded, a mixture of the octo- and ennea-hydrates will be obtained. The percentage 
solubilities of the enneahydrate, i.e. the number of grams of Ce 2 (S 0 4 ) 3 per 100 grms. 
of soln., are as follow ; 


0° 16 s 21° 81*6° 45*6° 60° 60* 66* 

Ce 8 (SO;) s • • 17*36 lt)*01 8*863 6*686 4*910 4*466 3*73 3*47 


The enneahydrate is stable in contact with the soln. between 33° and 41°,*Fig. 19. 
The octohydrate , Ce 2 (S0 4 ) 8 .8H 2 0, was described by R. Hermann, J. C. G. de Marignac, 
A. des Cloizeaux, G. Wyrouboff, etc. According to J. Koppel, the octohydrate is 
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obtained by crystallization fiom soln. between 30° and 70°. The percentage 
solubility of the octohydrate is : 

0° 15° 20-5'’ 40® 60* 

Ce a (S0 4 ) 3 * . . 1505 005 800 5*613 3*88 

The octohydrate is stable in contact with the soln. between 3° and 33°, Fig. 19, 
and at the transition point 70°, it passes spontaneously into the pentahydrate. 
R. Hermann, and S. Jolin reported a hexahydrale , but neither W. Muthmann and 
H. Rolig, nor J. Koppel were able to confirm this. G. WyroubofT suggested that the 
alleged hexahydrate is a mixture of the octohydrate and pentahydrate. F. J. Otto, 
C. Czudnowitz, S. Jolin, R. Hermann, C. Wolf, C. H. Wing, J. Thomsen, W. Muth- 
mann and H. Rolig, etc., made the pentahydrate, Ce 2 (S0 4 ) 3 .5H 2 0, by heating an aq. 
soln. of cerium sulphate, and pouring off the liquid from the crystals which separate. 
The percentage solubility is : 

45° 00° 80® ]00'6“ 

Ce 8 (S0 4 ) 3 . . . 8*1 16 3 145 lift 0*46 


The pentahydrate is stable in contact with the soln. between 56° and 100*5°, Fig. 19. 
G. Wyrouboff noticed that the crystals of the octohydrate become opaque at 100° 
or more slowly on a summer’s day, owing to the formation of a tetrahydrate , 
Ce a (S0 4 )3.4H 2 0. The crystals were obtained by J. Koppel by heating the ennea- 
hydrate with a little water at 70° or by evaporating a one per cent. soln. on 
the water-bath, and sowing with crystals of the tetrahydrate. The percentage 
solubility is : 

35° 40® 50® 05® 82° I00‘5® 

Ce t (S0 4 ) 3 . . 7-8 5*71 3*31 1*85 0-98 0-42 


S* 

W 50 

I *' 

4" 


The tetrahydrate is stable in contact with a soln. between 41° and 100‘5°. 

According to W. Ostwald, the solubility of the different solids which a substance 
can form with the same solvent in corresponding soln. is inversely as their stability, 
so that the most stable form has the smallest solubility, 
and the least stable form the greatest solubility. Sup- 
pose that at a given temp., the stable octohydrate had 
a greater solubility than the labile pentahydrate, then 
a sat. soln. of the latter could still dissolve some of the 
former. Suppose that a soln., saturated with respect 
to the octohydrate, and supersaturated with the penta- 
hydrate, be sown with the pentahydrate, that hydrate 
separates out until the soln. is sat. with respect to the 
pentahydrate. It is thus possible to convert the octo- 
hydrate into the pentahydrate without the consump- 
tion of energy. This, however, is contrary to the 
original assumption that the pentahydrate is the labile 
form and hence the solubility of the pentahydrate Ff «* 20. -The Solubility of 
must be greater than that of the octohydrate. J. Koppel 
has given a general demonstration of the original pro- phatos. 
position. The solubility determinations by J. Koppel 

are in agreement with this rule, but this is not the case with the determinations of 
W. Muthmann and H. Rolig. 

C. F. Rammelsberg, P. A. Bollcy, and C. G. Mosander prepared crystals of 
l*nth*nn™ sulphate. The last-named found that 100 parts of water dissolve 
16*67 parts of enneahydrated lanthanum sulphate, La2(S0 4 ) 8 .9H 2 0, at 2° ; 2*36 parts 
at 23° ; and 1*89 parts at 100°. W. Muthmann and H. Rolig gave for the percentage 
solubility : 
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with the enneahydrate as solid phase, Fig. 20. The enneahydrate is readily made 
by warming a 15 per cent, ice-cold soln. of lanthanum sulphate to 30°. According 
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to B. Brauner and F. Pavlicek, fine needles of the hexadecdhydraie , La 2 (S0 4 )8.16H 2 0, 
separate from the ice-cold sat. soln. This hydrate is unstable and decomposes 
at 0° ; F. T. Frerichs and E. F. Smith said that the hexahydrate , La 2 (S0 4 ) 3 .6H 2 0, 
separates from a strongly acid soln. of lanthanum sulphate. According to 

G. Eberhard, and C. von Schcele, 100 parts of water dissolve 23*64 parts of praseo- 
dymium sulphate at 0° ; and 17*7 parts at 20°. W. Muthmann and H. Rolig 
found the percentage solubility to be : 

0° 18° 35° 55° 76® 85® 95® 

Pr 2 (S0 4 ) 3 . . 10-5 12-3 9 4 6*6 4-1 1*5 1-0 

Solid phase . . Pr 2 (S0 4 ) a .8H 2 0 Pr a (S0 4 ) s 5H a O 

The results are plotted in Fig. 20. C. von Scheele found the hydrate, Pr 2 (S0 4 ) 3 . 
15JH 2 0, to be formed by the crystallization of a dil. soln. at ordinary temp., and 
W. Muthmann and H. Rolig, the dodecahydrate , Pr 2 (S0 4 ) 3 .12H 2 0, at temp, in the 
vicinity of 0°, and it resembles the corresponding cerium sulphate ; at ordinary 
temp, it passes into the octohydrate , Pr 2 (S0 4 )3.8H 2 0, which separates from aq. 
soln. between 0° and 75°. Near 75°, it changes to the pentahydrate , Pr 2 (S0 4 ) 3 .5H 2 0, 
which crystallizes from the soln. between 90° and 100°. B. Brauner mentioned a 
hexahydrate , Pr 2 (S0 4 ) 3 .6H 2 0, but this has not been confirmed. W. Muthmann and 

H. Rolig found the percentage solubility of neodymium sulphate to be : 

0° 16° 30° 50° 80® 108® 

. Nd 2 (S0 4 ) 3 . . 8-7 6-6 4*7 3 5 2 6 2 2 

The solid phase is the octohydrate, , Nd 2 (S0 4 ) 3 .8H 2 0, Fig. 20. C. A. Matignon 
mentioned a pentahydrate, Nd 2 (S0 4 ) 3 .5H 2 0, but this has not been confirmed. The 
octohydrate, Sa 2 (S0 4 ) 3 .8H 2 0, is the only known hydrate of samarium sulphate. 
F. Wirth gave for the percentage solubility of octohydrated samarium sulphate, 
3'426 grms. of anhydrous sulphate in 100 grms. of liquid at 25°. F. Wirth gives 
for the percentage solubilities, i.e. the number of grams of the anhydrous sulphate 
in 100 grms. of soln. at 25°, the following : 

La J (80 4 ) 8 ,9H I 0 Co a (S0 4 ) s .8F|0 Pr a (S0 4 ) 3 .8H a O Nd a (S0 4 ) 8 .8H a 0 Sa a (S0 4 ) 3 .8H a 0 

2-483 7-600 11-110 630 3426 

The crystals of the dodecahydrates have not been obtained in a form suitable 
for measurement. The hexagonal bipyramidal crystals of enneahydrated cerium 
sulphate were measured by J. C. G. de Marignac, and E. H. Kraus ; the former 
gave for the axial ratio a : c=l : 073100 ; and the latter, 1 : 072958. The crystals 
of enneahydrated lanthanum sulphate were measured by J. C. G. de Marignac, 
H. Topsoe, and E. H. Kraus. They are isomorphous with those of the corresponding 
cerium salt, and, according to the last-named, have the axial ratio a : c=l : 0*7356. 
E. H. Kraus examined the corrosion figures of both salts ; and showed that the 
double refraction is feebly positive. H. Topsoe gave 2 827 for the sp. gr. of the 
lanthanum salt, and E. H. Kraus, 2*821. G. Wyrouboff gave 2*841 for the sp. gr. 
of the cerium salt, and E. H. Kraus, 2 831. P. T. Cleve gave 3*898 for the sp. gr. 
of the samarium salt at 18*3°. 

The .hydrated crystals and aq. soln. of cerous and lanthanum sulphates are 
colourless ; those of praseodymium sulphate are green ; those of neodymium 
sulphate are rose-red ; and those of samarium sulphate are yellow. J. C. G. de Marig- 
nac regarded the crystals of octohydrated cerium sulphate as combinations of 
bipyramidal rhombic crystals ; B. Brauner, and A. des Cloizeaux agreed with this, 
but G. Wyrouboff showed that the crystals are pseudorhombic, and are really 
twinned triclinic crystals, devoid of all elements of symmetry, with axial ratios 
a : b : c=l*0650 : 1 : 1*1144, and a=90° 52', 0=90° 40', and y=91° 45'. The 
double refraction is strongly negative. G. Wyrouboff gave 2*886 for the sp. gr. of 
’ the crystals. Octohydrated cerous sulphate is dimorphous. C. F. Rammelsberg 
treated a soln. of ceroeoceric sulphate with hot water ; the filtrate from the basic 
cerio sulphate furnished monoclinic prismatic crystals of octohydrated cerous 
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sulphate with the axial ratios a : b : c=2*9398 : 1 : 2*0302, and £=117° 15'. 
E. H. Kraus, B. Brauner, and H. Dufet examined the crystals of octohydrated 
praseodymium sulphate. The monoclinic prisms, said E. H. Kraus, have the 
axial ratios a : b : c=2*9863 : 1 : 1*9995, and £.-118° O' ; he also studied the cor- 
rosion figures. E. H. Kraus gave 2 819 for the sp. gr. ; and 0. von Schecle, 2*882. 
The double refraction is feebly positive, and the crystals exhibit a feeble anomalous 
dispersion. H. Dufet gave for the indices of refraction for Li-, Na-. and Tl-iight 
respectively a=l*5366, 1 5399, and 15430; ^-1*5459, 1*5494, and 1*5525; and 
y= 1*5573, 1*5607, and 1*5641. He also studied the absorption spectrum of the 
salt. For monoclinic prismatic crystals of octohydrated neodymium sulphate 
H. Dufet gave the axial ratios a : 6 : c— 2*9835 : 1 : 1*9968, and 118° 8*5'. B. Brauner 
also studied the crystals. E. H. Kraus gave 2*850 for the sp. gr. The double 
refraction is positive, and it exhibits an anomalous dispersion. H. Dufet gave 
for the indices of refraction for Li-, Na-, and Tl-light, respectively a- 1*5379, 
1*5413, and 1*5441 ; £-1*5469, 1*5505, and 1*5534 ; and y- 1*5583, 1*5621, and 
1*5652. The pleochroism is weak. H. Dufet studied the absorption spectrum 
of the salt. H. Dufet found the axial ratios of the monoclinic prisms of octohydrated 
samarium sulphate to be u:b:c 3*0030:1 : 2*0022, and £ 118° 16'. A. Fock 
also examined the crystals. According to S. H. Katz and 0. James, the sp. gr. is 
2*930 at 18*3°. The double refraction is positive. H. Dufet gave for the indices 
of refraction for Li-, Na-, and Tl-light respectively a— 1*5395, 1*5427, and 1*5458; 
£ — 1*5486, 1*5519, and 1*5551 ; and y=- 1*5594, 1*5629, and 1*5663. He also studied 
the absorption spectrum. The monoclinic crystals of the octohydrates of praseo- 
dymium, neodymium, samarium, gadolinium, yttrium, and erbium are isomorphous 
with one another, and also with the corresponding selenates, and with the mono- 
clinic form of octohydrated cerous sulphate. The isomorphous crystals of octo- 
hydrated didymium sulphate were investigated by J. C. G. de Marignae, 
H. Becquerel, P. T. Oleve, R. Bunsen, J. Schabus, and 0. F. Rammelsberg. Accord- 
ing to G. Bodman, the hydrates of bismuth sulphate are isomorphous with those 
of lanthanum— (Bi,La) 2 (S0 4 ) 3 .9H 2 0 ; (Bi,La) 2 (S0 4 ) 3 .5H 2 0 ; (Bi,Di) 2 (S0 4 ) 3 .8H 2 0 ; 
etc. 


The crystals of pentahydrated cerous sulphate, Ce 2 (S0 4 ) 8 .5H 2 0, were examined 
by A. des Cloizeaux, G.Wyrouboff, 2 and E. H. Kraus ; the last-named found the axial 
ratios of the monoclinic prisms to be a : b : c— 1*4656 : 1 : 1*1264, and £ -102° 40', 


and he studied the corrosion figures. E. H. Kraus § 5 . — — r „ 

gave 3*160 for the sp. gr. ; G. Wyrouboff, 3*176 ; and ^ l * 

L. F. Nilson and 0. Pettersson, 3*220. The crystals 3 * V 

have a negative double refraction. For the monoclinic | .i ... 

prismatic crystals of the isomorphous pentahydrated _A^ .... 

praseodymium sulphate, E. H. Kraus gave a:b:c * W. 

=1*4450 : 1 : 1*1157, and £—101° 16' ; and the sp. gr. * f /Sp. 

3*173. The crystals have a strong double refraction. | 

P. T. Cleve found the 100 c.c. of a sat. soln, of ^ 

potassium sulphate dissolved 0*05 eq. of Sa 2 0 3 ; and g 

100 c.c. of a sat. soln. of sodium sulphite dissolved 0*24 J 0 I f _ Si S3 = 
grm. of sodium samarium sulphate, SaNa(S0 4 ) 2 .nH 2 0. 0 * 

A. A. Noyes and F. G. Falk found the percentage y 

ionization of soln. of lanthanum aulnhate at 18“ to be 

for soln. containing 2, 10, and 50 millieq. per litre, re- Sulphates in Sulphurio Acid, 

spectively 46*4, 28*9, and 19*8. F. Wirth measured the 

solubility of cerous, lanthanum, and samarium sulphates in sulphuric acid. The 
order of solubility is quite different from what it is in water. The results are 
shown in Fig. 21. Expressing the data in grams of R2(S0 4 ) 8 per 100 grins, of sat. 
soln. at 25°, he found with sulphuric acid of normality N : 


... 0 01 U 2 10 4*32 6*685 9*08 15*15 

Ce*(S0 4 ) 3 . . 7*00 7*618 6*00 5*018 3*301 1*505 0*733 0*239 
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where the solid phase is Ce2(S0 4 )3.8H 2 0 ; with lanthanum sulphate : 

N . . 0 0-505 MO 2*16 4*32! 6-685 9*68 15-15 

W S0 <)3 ' ' 2483 2934 3 ’ 118 3 ’ 166 1,927 09217 04617 °* 307 

where the solid phase is La 2 (S0 4 ) 8 .9H 2 0 ; and with samarium sulphate : 

N ... 0 0-1 0-505 1-1 2 16 6 175 12-6 

Sft 2 (S0 4 ) 9 . . 3-426 3-441 3*352 3 075 2-416 0-7025 0*1107 

G. Wyrouboff found that the hydrated and anhydrous varieties of the lower 
cerium oxide dissolve in cone, sulphuric acid, and the soln. on evaporation, deposits 
small, brilliant, transparent needles. When the evaporation is continued until 
no more sulphuric anhydride is evolved, care being taken that the temperature of 
decomposition of the salt is not reached, a crystalline cerous hydrosulphate, 
Ce(HS0 4 ) a , is obtained. The salt is quite stable in dry air, and is very hygroscopic. 
B. Brauner and J. Picek found that in the above process of preparation, some 
sulphuric acid adheres very tenaciously to the acid salt, but it can be separated by 
heating the salt under reduced press, at a temp, not sufficiently high to decompose 
the sulphate— say 130°, but not above 180°. They prepared this salt by dissolving 
normal cerium sulphate in ice-cold water and then adding an excess of sulphuric 
acid. The acid salt which separates may occasionally be contaminated with the 
hydrate of the normal salt, which is, however, readily converted into the acid salt 
by heating. The acid salt was freed from sulphuric acid in a Sprengel vacuum at 
130° ; it forms colourless, glistening needles. The corresponding lanthanum 
hydrosulphate, La(HS0 4 ) 8 , was obtained by a similar process in colourless silky 
needles; so also in green silky needles of praseodymium hydrosulphate, Pr(HS0 4 ) 3 , 
rose-red silky needles of neodymium hydrosulphate, Nd(HS0 4 ) 3 ; and golden- 
yellow silky needles of samarium hydrosulphate, Sa(HS0 4 ) s . C. A. Matignon 
prepared neodymium hydrosulphate either by evaporating down a soln. of the 
neodymium salt of a volatile acid with excess of sulphuric acid or by dissolving the 
normal sulphate in the boiling reagent and allowing the soln. to cool. It crystallises 
in long, silky, deliquescent, pink needles, which have an oblique extinction inclined 
at 12° to the principal axis. This form, however, rapidly becomes hydrated and 
changes into an aggregate of small, anisotropic crystals ; finally, the normal salt 
with 8H 2 0 is obtained mixed with excess of dil. sulphuric acid. One hundred parts 
of, boiling cone, sulphuric acid dissolve 1-30 parts of the acid salt. The heats of 
dissolution of the acid and normal sulphates in water at 17° are 64*20 and 37*2 
Cals, respectively, the heat of formation of the former from the latter being 26*3 
Cals. Praseodymium hydrosulphate, prepared in a similar manner, is isomorphous 
with this substance, separating in slender needles having oblique extinction ; 100 
parts of boiling cone, sulphuric acid dissolve only 102 parts of the compound. 
The heats of dissolution of the acid and normal sulphites in water at 16° are 65*5 
and 36*0 Cals, respectively, the heat of formation of the former from the latter being 
24*2 Cals. The acid praseodymium salt is less stable than its neodymium analogue, 
and is more readily decomposed on heating. He also obtained samarium hydro- 
sulphate by evaporating at 200° a sulphuric acid soln. of the normal sulphate or by 
allowing the boiling soln. to cool, when the salt forms thin needles, less soluble 
than the corresponding salts of praseodymium or neodymium. B. Brauner and 
J. Picek heated the hydrosulphates in the vacuum of the mercury pump, and 
found the percentage decomposition to be : 
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Sa 
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E. Kunheim studied the action of carbon on cerium sulphate in the electric arc 
furnace. 

Complex salts— M. Barre 3 has examined the lowering of the solubility of cerous 
and lanthanum sulphates in water by the presence of alkali sulphates, and, expressing 
the result® in grams of anhydrous salt in soln. per 100 grins, of water, he found 
with sodium sulphate : 


/Na 8 S0 4 

\Ce 8 (S0 4 ) ; 


\Ce 8 (S0 4 ) 3 . 

1H o /Na 4 S0 4 

\La a (S0 4 ) 3 . 

with potassium sulphate : 

16° 

iCe 2 (S0 4 ) 3 . . 

10 <A), : : 

and with ammonium sulphate : 

! . 1(NH 4 ) 8 80 4 . 

10 \Ce,(S0 4 ) s . . 


»• OC : 


0 

0*33 

109 

905 

0*04 

0*09 

0 

0*40 

0-77 

213 

1 '(H) 

0-30 


0 

018 

0-51 

1075 

0-9(1 

0-43 

0 

0-25 

0-50 

2*21 

0-73 

0-27 


0 

3-4(1 

9-32 

10-75 

103 

0-78 

0 

401 

18-24 

213 

0-39 

0-25 


1-39 

1*70 

3-59 

00(1 

003 

001 

114 

2-48 

5-55 

01 3 

004 

0 02 


0-73 

1*29 

2 50 

0-25 

004 

o-oo 

0-85 

1-1(1 

2-50 

0-19 

0-02 

000 


19-24 

45(12 

72-84 

0-75 

0-50 

0-04 

3(111 

47-49 

(15-29 

0*28 

014 

001 


The solid phase is not stated, but it is known that double or complex suits are 
produced. The subject is in an empirical stage ; it has not yet been illumined by 
the phase rule. M. Barre, for ^ __ 

example, found that a sat. soln. § fcf 4 * . I [ T" fT FTT1 [ 1 


example, found that a sat. soln. 5 

of sodium sulphate precipi- 1 

tates sodium dicerous sulphate, 1 Ij 1 

Na 2 S0 4 .Cc 2 (S0 4 ) 3 .2H 2 0, from „ \ _ , 

a soln. of cerous sulphate, and ^ t* px_ (NHJ 

at the b.p. precipitation is ^ Q - i • 6H t 0, [ | iT V 

virtually complete. The same 0 10 & 30 io 50 jo v ao 

complex salt is obtained if Ports H,SO, ptr m ports of H,0 

crystalline sodium sulphate is FlfJ - 22 - -Solubility Curves of Sumarium Sulplmto in 
n i , ! r 1 Solutions of Sodium and AininotUum Sulphates at 

added to a soln. of cerous sul- 1 

phate. C. C'zudnowicz, and 

S. Jolin reported sodium dicerous hexasulphate, 3Na a 80 4 .< V 2 (S0 4 ) ;j .2J 1 2 ( > ; a # nd 
A. Beringer, sodium tetracerous enneasulphate, 3Na 2 S0 4 .2Ce 2 (80 4 ) a . P. T. ('love, 
and M. Barre also obtained sodium lanthanum sulphate, N a 2 S0 4 . La. 2 (S( ) 4 )$ . 2H 2 0 , 
and P. T. Cleve sodium samarium sulphate, Na 2 S0 4 .Sa 2 (S0 4 ) 3 .2H 2 0, in a similar 
way. D. B. Keyes and C. James’ solubility curve, Fig. 22, shows the existence 
of only the complex salt, 3Na 2 S0 4 .28a 2 (80 4 ) 3 . 6H 2 0,-at 25°. 

J. J. Berzelius noted that a double salt is precipitated when a cone. soln. of a 
cerous salt is mixed with a soln. or with crystals of potassium sulphate. If any 
iron sulphate be present, T. Scheerer said that it is carried down with the double 
Balt and imparts to it a yellow tint. The double salt which is precipitated by the 
solid potassium sulphate, said A. Beringer, contains a slight excess of potassium 
sulphate which is not entirely separated by washing and recrystallization. The 
double salt can be purified by washing with cold water, dissolving in boiling water, 
and cooling the soln. Small colourless crystals are thereby obtained. The pro* 
perties of the double salt were described by J. J. Berzelius, A. Beringer, 
C. G. Mosander, etc. From this, it appears that the salt fuses at a red heat ; it is 
decomposed by fusion with alkali carbonate, and when the fused mass is* extracted 
with water, ceric oxide remains. Cerous hydroxide is precipitated by potassium 
hydroxide or carbonate from a hot aq. sob. of the double salt, but some basic sulphate 
or other sulphate will be entrained with the precipitate unless the mixture is digested 
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or boiled for a considerable time. Sulphuric acid dissolves the double salt, forming 
potassium hydrosulphate. The double salt is soluble in other acids ; it is freely 
soluble in boiling water ; sparingly soluble in cold water ; and virtually insoluble 
in a sat. soln. of potassium carbonate. According to J. J. Berzelius and W. Hisinger, 
and W. Muthmann and H. Rolig, the double sulphates are very conveniently 
brought into soln. by heating them with cone, nitric acid, and pouring the whole 
into boiling water, or, according to G. Urbain, by dissolving them in a cone. soln. 
of ammonium acetate. C. von Scheele found that they are directly converted into 
hydroxides by heating them with alkali hydroxide ; and C. A. von Welsbach con- 
verted them into oxalates by prolonged heating with an aq. soln. of oxalic acid. 
According to P. E. Browning and P. L. Blumenthal, and L. M. Dennis and 
F. H. Rhodes, when the double Sulphates are heated for about an hour with four 
times their weight of powdered charcoal, they are almost completely reduced to 
sulphides, soluble in hydrochloric acid. 

0. Czudnowicz, S. Jolin, and M. Barre obtained potassium cerous sulphate* 
K 2 S 04 .Ce 2 (S 0 4 ) 3 . 2 H 2 0 . Crystals of potassium lanthanum sulphate were made 
by M. Choubine, T. Scheerer, and C. G. Mosander. M. Barre made potassium 
lanthanum sulphate, K 2 S 04 .La 2 (S 0 4 ) 3 . 2 H 2 0 . C. Baskerville and H. Holland made 
potassium praseodymium sulphate, Pr 2 (S0 4 ) 3 .K 2 S0 4 .4H 2 0 ; caesium praseodymium 
sulphate, Pr 2 (S0 4 )3.Cs 2 S0 4 .2H20, and Pr 2 (S0 4 ) 3 .Cs 2 S0 4 .4H 2 0 ; lavender blue 
crystals of caesium neodymium sulphate, Cs 2 S 04 .Nd 2 (S 0 4 ) 3 . 3 H 2 0 . According to 
S. Jolin, R. Hermann, and C. Czudnowicz, when a cone. soln. of potassium sulphate 
is added to one of cerous sulphate, at ordinary temp., potassium dicerous hexa- 
sulphate, 3K 2 S0 4 .Ce 2 (S0 4 ) 3 , is precipitated ; at 50°, R. Hermann obtained potassium 
dicerous pentasulphate, 2K 2 S0 4 .Cc 2 (S0 4 ) 3 .2H 2 0. According to R. Hermann and 
C. Czudnowicz, if the soln. contains one part of potassium sulphate to two or more 
parts of cerous sulphate, crystals of potassium tetracerous enneasulphate, 
3 K 2 S 04 . 2 Ce 2 (S 0 4 ) 3 , are formed, and M. Barre obtained the octohydrate, 
3K 2 S0 4 .2Cc 2 (S0 4 )3.8H 2 0, as well as potassium dicerous octosulphate, 5K 2 S0 4 . 
Ce 2 (S0 4 ) 3 ,and potassium dilanthanum octosulphate,5K 2 S0 4 .La2(S0 4 ) 3 . R. Hermann 
and P. T. Cleve made potassium dilanthanum hexasulphate, 3K 2 S0 4 .La 2 (S0 4 ) 3 . 
C. Baskerville and E. G. Moss made rubidium hexalanthanum henastUphate, 
2Rb 2 S0 4 .3La 2 (S0 4 ) 3 ; and caesium hexalanthanum henasulphate, 2Cs 2 S0 4 . 
3La 2 (S0 4 ) 3 . C. • von Scheele made potassium dipraseodymium hexasulphate, 
3K 2 S0 4 .Pr 2 (S0 4 ) 3 .H 2 0, as a heavy crystalline precipitate of sp. gr. 3*275. P. T. Cleve 
prepared potassium samarium pentadecasulphate, 2Sa 2 (S0 4 ) 3 .9K 2 S0 4 .3H 2 0. 

Lanthanum in the aluminium group might be expected to form a series of alums 
like those of aluminium. J. Locke stated that if an element will form an alum at 
all, it does so more readily with ceesium sulphate than with any other alkali sulphate. 
According to C. Baskerville and co-workers, when equi-mol. mixtures of lanthanum 
and coeaium sulphates are evaporated on a water-bath, enneahydrated lanthanum 
sulphate, La 2 (S0 4 ) 3 .9H 2 0, Separates; if the evaporation is conducted under 
diminished press., crystals of 3La 2 (S0 4 ) 3 .2Cs 2 S0 4 were formed. Similarly with 
rubidium salts, crystals corresponding with La 2 (S0 4 ) 3 .2R 2 S0 4 .2H 2 0 were obtained 
by electrolysis, where R represents ctesium, rubidium, potassium, or sodium. 
The anhydrous salts La 2 (S0 4 ) 3 . 211,804 are formed by the evaporation of soln. at 
about 50°. The property possessed by lanthanum sulphate of forming the ennea- 
hydrate with a slight elevation of temp., interferes with the formation of the 
alum. F. W. Clarke suggests that while aluminum very xeadAy iotma hha a\uttv 

v~ to jnve salts of the type 

1^S0 4 ) 8 .3K 2 S0 4 ; or, graphically, 


,S0 4 -K 
U( S0 4 -K 

\so 4 -k 


Alf^ 


S0 4 


n so 4 k 


Similar attempts to form praseodymium and neodymium alums have not b e en 
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successful?* The former furnishes crystals of Pr 2 (S0 4 )3.Cs 2 S0 4 .2H a 0 l resembling 
the gadolinium sulphate, Gd 2 (S0 4 )3.K 2 S0 4 .2H 2 0. The evaporation of mixed soln. 
of praseodymium and caesium sulphates under reduced press., or the application 
of the electrolytic process for alums., furnishes crystals of Pr 2 (S0 4 ) 3 .Cs a S0 4 .4Ho0. 
Neodymium and caesium sulphate soln. evaporated under reduced press, furnish 
Nd 2 (S0 4 ) 8 .Cs 2 S0 4 .3H 2 0. 

According to C. Czudnowicz, and 8. Jolin, when a mixed soln. of ammonium 
and cerous sulphates is boiled, octohydrated ammonium cerous sulphate, 
(NH 4 ) 2 S0 4 .Ce 2 (S0 4 )3.8H 2 0, separates in monoclinic prismatic crystals, which, 
according to E. H. Kraus, have the axial ratios a : b : c =0*3598 : 1 : 0 9340, and 
/J=97° 15'. Observations on the crystals have been also made by G. WyroubofI 
and A. Verneuil ; and on the corrosion figures by K. H. Kraus. The double refraction 
is feeble and positive ; and the dispersion very weak. E. H. Kraus gave 2*523 for 
the sp. gr. H. Wolff found that a mol of the salt loses 6 mols of water at 100°, 
and it becomes anhydrous at 150° ; but, in contact with its sat. soln., the salt 
becomes anhydrous at 45° ; the solubility expressed in grams of (NH 4 ) 2 S0 4 .Ce 2 (80 4 ) 3 
per 100 grms. of water is : 

22 - 3 ° 351 ° 452® 43® 55-3® 75‘4® 

(NH 4 ) 2 S0 4 .Ce a (S0 4 ) 3 . 5331 5 184 4 993 2994 2 240 1482 H84 

Solid phase . . Octohydrato Anhydrous salt 

The corresponding octohydrated ammonium lanthanum sulphate. (NH 4 ) 2 S0 4 . 
La2(S0 4 ) 3 .8H 2 0, was prepared by J. 0. G. de Marignac, E. H. Kraus, and 
G. Wyrouboff and A. Verneuil. It is isomorphous with the cerous salt. The axial 
ratios of the monoclinic prisms are a : b : c=0*3509 : f : 0*9145. and j8--97° 36'. 
The corrosion figures were studied by E. II. Kraus. The double refraction is 
feeble ; the sp. gr. 2*516. M. Barre also made the dihydrate. P. T. Clove reported 
the octohydrated ammonium samarium sulphate, (NH4) 2 S0 4 .Sa 2 (S0 4 ) 3 .8H 2 0, but 
D. B. Keyes and C. James inferred from the solubility curve at 25°, Fig. 22, that the 
salt is really heptahydrated. P. T. Cleve, and C. Morton, and J. C. G. de Marignac 
studied the corresponding didymium salt. M. Barre prepared ammonium diceroilS 
octosulphate, 5(NH 4 ; 2 S0 4 .6e 2 (S0 4 )3 ; ammonium dilanthanum octosulphate, 
5(NH 4 ) 2 S0 4 .La 2 (S0 4 ) 3 ; and ammonium tetralanthanum henasulphate, 5{NH 4 ) 2 80 4 . 
2La 2 (S0 4 ) 3 . C. von Schcele made ammonium dipraseodymium hexasulphate, 
3(NII 4 ) 2 »ik) 4 .l , r 2 (S0 4 ).8H 2 0 J in large crystals of sp. gr. 2 532 ; the crystals do not 
chango in air or over cone, sulphuric acid, but they become anhydrous at 170°. 

A. Kolb prepared cerium pyridine sulphate, Ce 2 (C 6 NH 6 ) 8 (S0 4 ) 6 .3H 2 0, in needle- 
like crystals ; cerium quinoline sulphate, probably Ce 2 (S0 4 )3.6C 9 NH 7 .fH 2 S0 4 . 
17H 2 0 ; cerium hydrazine sulphate in lustrous crystals ; cerium hydroxylamine 
sulphate in microscopic leaflets ; lanthanum pyridine sulphate, La 2 (C 5 NHo) fl (S0 4 ) 8 . 
4H 2 0, in lustrous, columnar crystals ; lanthanum quinoline sulphate in small, 
columnar crystals, and lanthanum hydrazine sulphate in small leaflets. R. J. Meyer 
and U. Mtiller prepared lanthanum hydrazine sulphate, La 2 (S0 4 )3.(N 2 H 6 ) 2 S0 4 .3H 2 0, 
in sparingly soluble, colourless crystals on warming a soln. of the mixed sulphates 

to 75°; and neodymium hydrazine sulphate, Nd 2 (S0 4 ) 3 .(N 2 H 6 )2S0 4 .3H 2 0, in 

reddish- violet crystals, by warming a soln. of the mixed sulphates. 

According to G. Wyrouboff, cadmium cerous sulphate, Cd80 4 .Ce 2 80 4 .6H 2 0, is 
obtained by mixing eq. proportions of the component salts, adding sulpnuric acid 
which precipitates some cerium sulphate on evaporation of the soln., the double 
salt crystallizes in rhombic prisms with axial ratios o : b : c — 1 1336 : 1 : 0*7636. 
According to H. Zschiesche, and G. Wyrouboff, thallous cerous sulphatl^ T^SO*. 
Gea(S0 4 ) 3 .4H 2 0, crystallizes from a soli, of the mixed salts in monocline prisms 
with axial ratios a : b : c= 1*309 ; 1 : 0*7059, and /3=91° 53'. By mixing cold 
cone., or warm dil. soln. of thallic and cerous sulphates, the double salt 3X1 jjS() 4 . 
Oe^SO^.HgO is precipitated. According to F. Zambonini, didymium and barium 
sulphates are immiscible when crystallized from hot cone, sulphuric aci<t 
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When a soln. of ceric oxide or hydroxide is warmed with sulphuric Itcid, some 
oxygen is evolved because part of the ceric sulphate is reduced to the cerous state ; 
when the soln. is evaporated, orange-red or dark-red hexagonal prisms, or masses 
of acicular crystals are produced. Similar crystals are formed when a soln. of 
cerous sulphate is mixed with an excess of ceric sulphate and sulphuric acid, and 
evaporated. R. J. Meyer, and A. Aufrecht, and B. Brauner added a definite amount 
of sulphurous acid to the acid soln. of ceric sulphate and evaporated the product. 
The mother liquor furnished, on evaporation, pale yellow crystals of ceric sulphate. 
The orange-red hexagonal crystals are regarded as cerosoceric hydrosulphate, 
[Ce IV (S0 4 ) 4 ]Ce 4 ni .44H 2 0. Many attempts have been made to find the composition 
of the crystals. The results are complicated by the fact that the degree of oxidation 
— i.e . the ratio Ce(ous) : Ce(ic) — of the salt varies with the mode of preparation — 
e.g. B. Brauner 4 found the less the acidity of the soln., the less the sulphuric acid 
and the more the tervalent cerium in the product ; and recrystallization from dil. 
acid gives still more cerous oxide, and the crystals retain an excess of sulphuric 
acid very tenaciously. R. J. Meyer has recalculated the different formulee which 
have been proposed on the assumption that the at. wt. of cerium is 140. 

One sot of determinations has 3Ce(S0 4 ) 2 .Ce 2 (S0 4 ) 3 .nH 2 0 — R. Hermann (1843), C. F. Ram- 
melsberg ( 1859), and C. Czudnowiez gave n— 27 ; C. F. liammelsberg (1873) gave n~ 31*5 ; 
and S. John, n^31. Another set of determinations has 2Ce(S0 4 )o.Ce 2 (S0 4 ) 3 .nH 2 0~ 
D. 1. Mendeteeff and B. Brauner gave n— 24 ; and W. Muthmann and L. Stiitzel, n = 20. 
Another set of determinations has 2Ce(S0 4 ) 2 .Ce 2 (S0 4 ) 8 .mH 2 !S0 4 .nH 2 0-R. Hermann 
(18841 gavem*=2,n = 25. Another set has 2Ce(S(5 4 ) 2 .Ce 2 (S0 4 ) 3 .mH 2 S0 4 .nH 2 0 - B. Brauner 
(1895) gave m = 1*6, and n = 20; R. J. Meyer and A. Aufrecht, w=l,n = 26; and B. Brauner, 
m==l,n — 24; H. Zschiesche gave 20e(S0 4 ) 2 .l JCe a (SO 4 ) 3 .H 2 SO 4 .20H 2 O ; and G. Wyrouboff 
and A. Vemouil, 3Ce(S0 4 ) 2 .2Ce 2 (S0 4 ) a .l-5H 4 S0 4 .42H 2 0. 

G. Wyrouboff and A. Verneuil showed that the actual analyses — particularly 
in the ratio Ce(ous) : Ce(ic) — often agree as well with one formula as with another. 
In consequence, the formula for cerosoceric sulphate is still sub judice. Cerosoceric 
sulphate thus contains both cerous and ceric sulphates, and the colour of cerosoceric 
sulphate is darker than that of ceric sulphate even though about half the cerium is 
present as cerous sulphate, a colourless salt. It is therefore inferred that the two 
sulphates are chemically combined as a complex. The fact that the sulphuric 
acid cannot be eliminated at 130° in vacuo led B. Brauner to regard cerosoceric 
hydrosulphate as the cerous salt of a complex acid— cerous sulphatocerate, 
Ce 4 '''[Ce(S0 4 ) 4 ] 3 .12H 2 0; wherethehydrosulphatoceric acid is symbolized H4Ce(S0 4 ) 4 . 
This is rendered the more probable by the existence of the corresponding salts ; 
lanthanum sulphatocerate, LaH[Ce(S0 4 ) 4 ] 3 .12H 2 0 ; praseodymium sulphato- 
cerate, PrH[Ce(S0 4 ) 4 ] 3 .12H 2 0 ; and neodymium sulphatocerate, NdH[Ce(80 4 ) 4 ]. 
12H 2 0, which B. Brauner obtained by crystallization from an acid soln. of ceric 
sulphate mixed with an eq. proportion of lanthanum, praseodymium, or neodymium 
sulphate. It will be observed too that the rare earth hydrosulphates are symbolized, 
H$R(S0 4 ) 3 — vide swpra — so that cerous hydrosulphate becomes H 3 Ce"'(S0 4 ) 3 , 
and the ceric salt of this would be Ce 3 ""[Ce 3 "'(S0 4 ) 3 ] 4 , or 3Ce""(S0 4 ) 2 .2Ce 2 (S0 4 ) 3 , 
where the ratio of Ce(ic) : Ce(ous) is the same as that given by G. Wyrouboff and 
A. Verneuil. B. Brauner has stated that the four sulphatocerates are isomorphous, 
orystallizing in hexagonal prisms. The axial ratio of the lanthanum salt is 
a : c=l : 2*3349 ; that of the cerous salt, 1 : 2*3081 ; that of the praseodymium 
salt, 1 : 2*1771 ; and that of the neodymium salt, 1 : 2*6669. The double refraction 
is negative. The crystals of the cerous salt were examined by J. Schabus and 
C. P. Rammelsberg. The cerous salt is reddish-yellow and pleochroic — cu dark 
yellow, 4 citron-yellow ; the praseodymium salt is greenish-yellow ; and the 
, neodymium salt— yellowish-green, e pale-green. 

W, H. Magee and A. S. Eakle have described three other dicerosoceric sulphates : 
dtottOtOOeric sulphate, CeJCe(80 4 )5].16JH 2 0, is obtained from a sulphuric acid soln. 
of red ceric hydroxide; dtottoiottt r ao w io sulphate, Ce 2 [Ce 4 (80 4 )n].16H s 0 l obtained 
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from a mixed sulphurous-sulphuric acid soln. of yellow ceric hydroxide ; and 
dioeroso-octoceric sulphate, (^[(V 8 (S0 4 ) l9 ].45H 2 0, from a sulphuric acid soln. of 
ceric hydroxide. The crystals are monoclinic prisms with axial ratios and angles 
respectively a : b : c=0'7159 : 1 : 13296, and 0^94° T ; 16023 : 1 : 1 89784, and 
j8=lir 8' ; and 15122 : 1 : 15166, and 0^105° 13'. 

Anhydrous C6T1C sulphate, 0e(SO 4 ) 2 , i a produced when a mixture of ceric oxide 
and cone, sulphuric acid is warmed on a sand-bath ; the sulphate does not dissolve ; 
and the change is quantitative. The deep yellow crystalline powder is washed 
with ice-cold water or glacial acetic acid, and dried over caustic alkali. Ceric 
sulphate can also be made by fusing ceric oxide with potassium hydrosulphate. 

D. I. Mendeleeff, and C. F. Rammelsberg prepared the tetrahydrate, O(80 4 ) 2 . 4 H 2 0, 
in yellow needles from the mother liquor remaining after the deposition of cerosoceric 
hydrosulphate ; and from the liquid obtained by dissolving basic ceric sulphate 
in sulphuric acid. The soln. is concentrated over sulphuric acid. The evaporation 
of a cone. soln. of the anhydrous salt in dil. sulphuric acid, or, as W. Hisinger and 
J. J. Berzelius showed, of ceric hydroxide in the same medium, furnishes the yellow 
crystals. While B. Braunor represents the crystals as those of a tetrahydrate, 
Or. WyroubolT and A. Verneuil represent them by the formula (Je(80 4 ) 2 .3JHj>0. 
According to B. Braunor, the tetrahydrate furnishes rhombic pyramids with axial 
ratios a : b : c— 0 717 : 1 : 0 471. According to J. F. Spencer, when the anhydrous salt 
is heated in air, there is a slight loss in weight at 155° ; and when heated at 195° 
until the weight is constant, the basic salt ceric oxytetr&sulph&te, Ce 3 0 2 (80 4 ) 4 , or 
2Ce(S0 4 ) 2 .00 2 , 3(>0 2 .4S0g, is produced ; more sulphur trioxide is lost at 260°, 
and at 300°, sulphur trioxide is continuously lost until ceric oxide remains, 
L. and P. Wohler and W. PlUddemann found that heat converts ceric into cerous 
sulphate with the loss of oxygen. B. Brauner showed that in the presence of slightly 
dil. sulphuric acid, ceric sulphate undergoes autoreduction to an appreciable extent. 
The ready reduction of soln. of ceric salts is explained on the ionic hypothesis by 
the high oxidation potential of the ceric ion, (V*". This has been measured by 

E. Baur and A. Gliissner, and E. Muhlbach. The potential is greater than that of 
oxygen, so that acid soln. behave as if they were supersaturated with oxygen ; in 
alkaline soln., ceric soln. are not so readily reduced to the cerous condition, but 
cerous salts are readily oxidized to ceric salts. According to G. A. Barbieri, in the 
cold, ceric sulphate, and ceric salts generally, oxidize nitrites without the evolution 
of gas: 20.(804)2 -p K NOj, -f H 2 0 — ( V 2 (S( >4)3 + K N0 3 -i H 2 S0 4 . A volumetric 
process for the determination of nitrites has been based on the reaction. The. eftd- 
point is attained when the soln. becomes yellow with the first, drop of the standard 
ceric sulphate. 

Ceric sulphate is very soluble in water, and it forms a yellowish-brown soln. 
The salt readily hydrolyzes so that the soln. is acidic, and when diluted or boiled, 
a pale yellow amorphous solid is precipitated. C. G. Mosander said that water 
dissolves only one part of the basic salt in 25, 000. R. J. Meyer and A. Aufrecht 
say that basic sulphate contains some cerous salt, but J. F. Spencer could find none. 
The speed of the hydrolysis is increased by raising the temp. Owing to hydrolysis, 
the colour of an aq. soln. of the ceric salt fades perceptibly. A freshly made soln. 
of ceric sulphate darkens immediately when sulphuric acid is added, because the 
hydrolytic action is reversed ; but with an old soln. the reversion takes place more 
slowly— possibly because the ageing of the product of the hydrolysis has made it 
less reactive. For a similar reason, the addition of hydrogen dioxide immediately 
decolorizes a freshly prepared soln. of a ceric salt, but, as R. J. Meyer and R. Jacoby 
showed, with an old soln. a dark red intermediate product is formed, and this is 
reduced more slowly. A. Benrath and K. Ruland discussed the oxidation of 
formic acid, methyl alcohol, acetic acid, tartaric acid and anthracene, by soln. of 
ceric sulphate ; oxalic acid : H 2 C 2 0 4 2Ce(S0 4 ) 2 ~ 2C0 2 -f Ce 2 (80 4 ) 3 4* H 2 S0 4 ;• 

hydrazine : 2N 2 H 4 + 2Ce(S0 4 ) ? = N 2 + (NH 4 ) 2 S0 4 + Ce 2 (S0 4 ) 8 ; hydroxylamine 
forms nitrogen and nitrous oxide ; sodium thiosulphate forms the tetrathionate : 
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2Na 2 S 2 0 3 + 2Ce(S0 4 ) 2 = Ce 2 (S0 4 ) 3 -f Na 2 80 4 -f Na 2 S 4 0 6 ; sulphurous acid forms 
sulphuric and dithionic acid ; and hypophosphorous acid forms phosphorous acid. 

R. Hermann reported the basic sulphates : Ce0(S0 4 ).H 2 0, and later 8Ce0 2 .7S0 3 . 
15H 2 0, and 6Ce0 2 .5S0 3 .5H 2 0 ; J. C. G. de Marignac, 8Ce0 2 .7S0 3 .12H 2 0 ; 
C. F. Rammelsberg, 40e0 2 .3S0 3 .7H 2 0, and 3Ce(S0 4 ) 2 .5Ce(0H) 4 . C. Erk made some 
observations on this subject ; he was able to extract all the sulphuric acid from the 
precipitate by the action of boiling water. 0. Hauser and F. Wirth have described 
two basic sulphates, 4Ce0 2 .3S0 3 .12H 2 0, as a pale yellow crystalline substance 
obtained by keeping a dil. ice-cold soln. of ceric sulphate at 0° for 24 hrs., and 
2Ce0 2 .3S0 3 .4H 2 0, by similarly treating a sat. soln. of ceric sulphate. The latter 
product is readily soluble in water. J. F. Spencer varied the proportion of the acid . 
and the cone, of the soln., and obtained only one solid phase— ceric OXy sulphate, 
Ce0(S0 4 ).2H 2 0 — which is a yellow amorphous powder, stable in contact with 
0*02 Y- to 0*37 N- sulphuric acid, but is further hydrolyzed by water apparently to 
the limit, ceric hydroxide. The compound is sparingly soluble in water. With 
soln. of greater acidity it is probable that autoreduction occurs. Attempts to 
make ceric oxysulphatc by the action of acid on ceric oxide were not successful. 

Ceric sulphate forms a number of complex salts. W. Hisinger and J. J. Berzelius 5 
observed that when a little potassium hydroxide or potassium sulphate is 
added to a soln. of ceric sulphate, an orange-yellow precipitate is obtained which 
dissolves in water with difficulty. A hot, aq. soln. furnishes dark yellow crystals 
of potassium ceric sulphate, 2K 2 S0 4 .Ce(S0 4 ) 2 .2H 2 0. The salt was also made by 
C. F. Rammelsberg, R. Hermann, J. C. G. de Marignac, etc. T. Scheerer found 
that the sulphur-yellow double salt is precipitated when potassium sulphate is 
added to a soln. of ceric nitrate, but if the ceric nitrate soln. be previously boiled 
or mixed with hydrochloric acid, the precipitate is white. According to J. C. G. de 
Marignac, the monoclinic prisms have the axial ratios a :b:c~ 1*2160 : 1 : 2*0925, 
and j3=100° 40'. According to W. Hisinger and J. J. Berzelius, when potassium 
hydroxide is added to a soln. of the salt, ceric hydroxide is precipitated, while 
ammonia, ammonium carbonate, or potassium carbonate precipitates ceric hydroxide 
mixed with some sulphate. When an acid soln. of ceric and ammonium sulphates 
is evaporated, the soln. deposits a crop of small yellow crystals, followed by a 
crop of monoclinic prisms, and both salts are ammonium ceric sulphates* Accord- 
ing to C. F. Rammelsberg, and D. I. Mendel6eff, the formula of the yellow salt is 
3(NH 4 ) 2 S0 4 .2Ce(S0 4 ) 2 ,3H 2 0 — a recalculation of the analysis gave 2(NH 4 ) 2 S0 4 . 
Ce\S0 4 ) 2 .2H 2 0 — and that of the orange-yellow salt, 3(NH 4 ) 2 S0 4 .Ce(S0 4 ) 2 .4H 2 0. 
G. Geipel found the axial ratios of the monoclinic prisms to be a:b:c 
—0 6638 : 1 : 0*7838, and j3=96° 44'. Observations were also made by J. Schabus. 
The doublo refraction is positive. V. Cuttica made sodium ceric sulphate, 
2Na 2 S04.Ge(S0 i ) 2 , in orange-yellow prismatic crystals. No signs of a lithium 
salt were observed. M. E. Pozzi-Escot obtained an orange-yellow crystalline 
precipitate of silver ceric sulphate, 3Ag 2 .S0 4 .5Ce(S0 4 ) 2 , by adding silver nitrate 
to a Btrongly acid soln. of ceric sulphate. The salt slowly hydrates, forming the 
dihydrate, and it is decomposed by boiling water. Y. Cuttica obtained the same 
salt; also orange-red, prismatic crystals of thallium oeric sulphate, 2T1 2 S0 4 . 
Ce(S0 4 ) 2 ; and a complex salt with guanidine sulphate. Cerous ceric sulphate, 
ana B. Brauner’s lanthanum ceric sulphate, praseodymium ceric sulphate, 
and neodymium oeric sulphate, are described above as derivatives of hydrosul- 
phatooeric acid. 
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1902; D. I. Mendelfoff, Liebig's Ann., 168. 45, 1873; M. E. Pozzi-Escot, Compt. Bend., 156. 
1074, 1913. 


§ 17. The Carbonates of the Cerium Metals 

The high basicity of the rare earths is shown by the ready formation of their 
carbonates. The hydroxides of the rare earths absorb carbon dioxide from the atm., 
and from water, thereby forming granular powders. L. N. Vauquelin 1 found that 
the precipitate produced in cerous salts by the addition of an alkali carbonate, is, 
when dried, a white voluminous powder with a silvery lustre ; and A. Beringer, 
S. Jolin, and 0. Czudnowicz showed that the white amorphous flakes, which are pre- 
cipitated by ammonium carbonate, after standing in the liquid for about three days, 
change into shining crystalline scales. Analyses by L. N. Vauquelin, M. H. Klaproth, 
W. Hisinger, and A. Beringer correspond with pentahydrated cerous carbonate, 
Co 2 (C0 3 )3.5H 2 0. P. T. Cleve also obtained the rare earth carbonates in a crystalline 
form bjjr passing a current of carbon dioxide through water in which the rare earth 
hydroxide is suspended. J. Preiss and A. Dussik found that the normal 
carbonates of this family can be obtained only by precipitation of a soln. of the 
salt with a soln. of alkali hydrocarbonate sat. with carbon dioxide ; the normal 
alkali carbonates furnish basic salts. C. G. Mosander produced shining crystalline 
scales of l a nth a n u m carbonate, La 2 (C0 3 ) 3 .3H 2 0,by a process similar to that employed 
by A. Beringer for cerium carbonate. P. A. Bolley said that crystalline scales are 
precipitated from a hot soln., while in the cold, a horny gelatinous mass, resembling 
aluminium oxide, is produced ; when dried at 100°, the composition is La 2 (C0 3 ) 3 .H 2 0. 
This carbonate was also obtained by R. Hermann, and P. T. Cleve. The octohydrate 
occurs in nature as lanthanite, La 2 (C0 3 ) 3 .8H 2 0, q.v. C. von Scheele made praseo- 
dymium carbonate, Pr 2 (C0 3 ) 3 .8H 2 0, in green silky plates, by the action of carbon 
dioxide on the hydroxide suspended in water, or by precipitation with ammonium 
oarbonate. R. J. Meyer made light red neodymium carbonate in a similar way ; 
and P. T. Cleve prepared yellow needle-like crystals of samarium carbonate, 
by the action of carbon dioxide on the hydroxide, suspended in 
water ; but not by the addition of alkali carbonates to a soln. of a samarium salt, 
beoause double carbonates are precipitated. Samarium carbonate is insoluble in 
water, and loses 2H 2 0 at 100°. J, Preiss and co-workers studied the thermal 
dissociation of the praseodymium, neodymium, and lanthanum carbonates, and 
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found a step by step dissociation from the normal carbonate, M 2 (CO s ) 8 , to the 
oxydicarbonate, M 2 0(C0 8 ) 2 , between 350 ' and 550° and to the dioxymonocarbonate, 
M 2 0 2 0 3 , between 800° and 905°. 

The properties of JatUhanite have already been discussed. The mineral bastndsite 
(q.v.) is regarded as lanthanum fluoc&rbon&fd. P. T. Cleve, and (\ Morton have 
also discussed the preparation and propertiesof didymiumcarlwnale, l)i 2 (C0 8 ) 8 .8H 2 0. 
According to W. Hisinger and J. J. Berzelius, cerous carbonate can be gently ignited 
without decomposition, but at a higher temp., cerosoceric oxide, carbon monoxide 
and dioxide are formed ; and, if ignited with access of air, ceric oxide is formed. 
C. G. Mosander said that the carbon dioxide can be all expelled from lanthanum 
carbonate by long-continued ignition. L. N. Vauquelin noted that cerous carbonate 
is insoluble in water and in aq. carbon dioxide. P. H. M. P. Brinton and (\ James 
measured the hydrolysis of many of the carbonates of the rare earths by boiling them 
with water for different periods of time, and measuring the ratio of the amount of 
carbon dioxide given off to the total carbon dioxide originally present in the system : 


Hours boiling 
La 2 (C0 3 ) 3 
Ce 4 (00 3 ) 3 
Pr,(C0 3 ) 3 
Nd 2 (CO,), 
NftjlCOj);, 


or> 

10 

15 

20 

2*5 

30 

3*5 

27*9 

27-9 

28-0 

- 




28-9 

28*9 

290 




— 

23-2 

27*4 

29*5 

30*9 

31*9 

32 0 

33*3 

2 tv 9 

30*3 

32 7 

34*4 

35*5 

30*4 

37*1 

:n-8 

35*4 

.17*8 

39 T> 

40*8 

42*4 

43*2 


which shows that the order of basicity is in accord with Pr, Nd, La, O, and Sa. 
Lanthanum and cerous carbonates behave abnormally. When the precipitated 
carbonates are allowed to stand in contact with a cone. soln. of an alkali carbonate, 
they are transformed into double carbonates; and the double carbonates can be 
precipitated by adding, drop by drop, a cone. soln. of a rare earth salt to a cold 
cone. soln. of an alkali carbonate. 

S. Jolin described sodium cerous carbonate, 2Na 2 C0 3 .Ce 2 (C0 3 )3.2H 2 0, as an 
amorphous powder obtained by pouring a soln. of a cerous salt into a boiling soln. 
of sodium hydrocarbonate. R. J. Meyer, and W. Hiller poured a cone, soln, of 
cerous chloride into a cold sat. soln. of sodium carbonate, and obtained a gelatinous 
precipitate which, after standing in contact with the mother liquid, acquired a 
crystalline structure. The composition was 3Na 2 C0 3 .2(> 2 (C03)3.24H 2 0. The 
salt decomposed in contact with a dil. soln. of sodium carbonate, and is virtually 
insoluble in a cone. soln. W. Hiller, R. J. Meyer, and C. Arnold showed that, in 
general, the double carbonates of the cerium earths are slightly soluble in conc.fcoln. 
of sodium or ammonium carbonate, but readily soluble in a cone. soln. of potassium 
carbonate ; the order of increasing solubility is La, Pr, Ce, and Nd. R.,J. Meyer 
prepared gelatinous sodium la n t h a n um carbonate, 3 Na 2 CO 3 . 2 La 2 (CO 3 ) 3 . 20 H 2 O, by 
adding an aq.soln. of lanthanum chloride to one of the alkali carbonate; similarly also 
with amorphous sodium praseodymuim carbonate, 3Na 2 C0 3 .2Pr 2 (C08) 8 22H 2 0 ; 
amorphous pale red sodium neodymium carbonate, 3Na 2 C0 3 .2Nd 2 (C0 3 ) 8 .22H 2 0 ; 
and, according to P. T. Cleve, with hydrated sodium samarium carbonate, 
Na 2 C0 3 .Sa 2 (CX) 3 ) 3 .16H 2 0. F. Zambonini and G. Carobbi found these five double 
carbonates are easily obtained crystalline, with the general formula MafCOjJj. 

Na 2 C0 3 .12H 2 0. . 

Owing to the solubility of the double carbonates of the rare earths in a cone. som. 
of potassium carbonate, the potassium salts are best made by adding the rare earth 
chloride to an excess of a cone. soln. of potassium carbonate, warming to dissolve 
the precipitate, cooling, and diluting slightly. R. J. Meyer prepared potalldlllll 
cerous carbonate, K 2 C0 8 .Ce2(C0 8 )8.3H 2 0, by a somewhat similar process. 8. John 
reported needle-like crystals of the trihydrate, K 2 C0 3 .Ce2(C0 8 )8-3H 2 0, to be formed 
by pouring a cerous salt soln. into a boiling soln. of potassium hydrocarbonate. 
R. J. Meyer said that the salt becomes pale yellow on exposure to air. He also 
made silky crystals of potassium lan t ha nu m carbonate, K 2 G%L%(C0 8 ) 8 .1 2H 2 0 : 
small needle-like crystals of prtasrtum praseodymium carbonate, K 2 00|.Pr a (C0 8 ) 8 
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12H 2 0 ; and rosette groups of needles of* potassium neodymium carbonate, 
K a C0 8 .Nd 2 (C0 8 ) 8 .12H 2 0, in a similar way. The potassium salts of praseodymium 
and neodymium carbonates were also obtained in needle-like crystals by the slow 
evaporation of their soln. in one of potassium carbonate. P. T. Cleve made 
potassium samarium carbonate, K 2 C0 3 .Sa2(C0 8 )3.12H 2 0, in a similar way. 

R. J. Meyer, and W. Hiller prepared ammonium cerous carbonate, 
(NH 4 ) 2 C03.Ce 2 (C0s)3.6H 2 0, as a voluminous precipitate, by treating a soln. of 
cerous chloride with an excess of a soln. of ammonium carbonate ; on standing in 
contact with the mother liquid for some time, the salt becomes crystalline. The 
double salt is only slightly soluble in an excess of the precipitant ; and it acquires 
a yellow colour on exposure to air. They also obtained crystalline ammonium 
lanthanum carbonate, (NH 4 ) 2 C0 3 .La 2 (C0 8 ) 3 .4H 2 0 ; bright green crystals of 
ammonium praseodymium carbonate, (NH 4 ) 2 C0 8 .Pr 2 (C03) 3 .4H 2 0 ; and regular 
prisms of ammonium neodymium carbonate, (NH 4 ) 2 C(VNd 2 (C03)3.4H 2 0. 
P. T. Cleve also obtained crystalline ammonium samarium carbonate, 
(NH 4 ) 2 C0 3 .Sa 2 (C0 3 )3.16H 2 0, in a similar way. The mineral parisite (fl.v.) can 
l)e regarded as a calcium lanthanum carbonate. 

It has not yet been possible to make ceric carbonate. W. Hisinger obtained 
a yellow gelatinous precipitate of what is thought to be basic ceric carbonate, 
by double decomposition between a ceric salt and an alkali carbonate. The precipi- 
tate dissolves in a cone. soln. of potassium carbonate; the yellow soln. is stable 
in air, but, according to A. Job, may be oxidized with hydrogen dioxide. C. Engler 
and co-workers represent the formula graphically : 

/O.CO.Ck .O.CO.Ck 

C<O.CO.O X Ce HO.CefO.CO.O x Ce.OH 

HhCO.O 7 M).CO.(K 

CerouB carbonate. Basic ceric carbonate. 

A. Job also reported that two ceric oxy carbonates, 2Ce0 2 .3C0 2 , and 2Ce0 2 C0 2 — - 
contaminated with potassium carbonate — are obtained by heating potassium perceric 
carbonate to 240° and 360° respectively. When hydrogen dioxide is added to a 
soln. of cerous carbonate in a cone. soln. of potassium carbonate, oxidation occurs, 
and a blood-red colour is developed. With increasing proportions of hydrogen 
dioxide, the intensity of the coloration increases to a maximum, further additions 
weaken the tint, and deposit an orange-yellow or reddish-brown precipitate. All 
the cerium may be so removed from the soln. A similar soln. can be obtained from 
ceric carbonate by oxidation with hydrogen peroxide. The precipitate is thought 
to be an unstable cerium tetroxide , Ce0 4 , but it has not yet been studied in detail. 
When covered with a cone. soln. of potassium carbonate, oxygen is slowly evolved, 
and blood-red crystals of percerio potassium carbonate, Ce 2 0 3 (C0 3 ) 3 .4K 2 C03.12H 2 0, 
are produced. E. Baur attributes the formula Ce2O 4 (CO 3 ) 2 .4K 2 CO 8 .10H 2 O to the 
crystals. 

The red soln. is supposed to contain perceric carbonate, a derivative of cerium 
trioxide, Ce0 8 , and when the colour has acquired its maximum intensity all the 
oerium is thought to be in the perceric form. C. Engler and co-workers represent 
the formation of the perceric carbonate by the equation : 

X)!H HOX>H hoo. n 

(C0 8 ) t Ce/ * +’ \Ce 8 (C0,) a ->0<^>Ce 4 (C0 s ) a -fH 1 0 

X 0!H HOjOH HOCT 

A. Job prepared the soln. by the interaction of ceric ammonium nitrate and hydrogen 
dioxide in a cone. soln. of potassium carbonate. He found that the soln. can be 
kept several months without alteration ; and, by spontaneous evaporation at 
ordinary temp., it furnishes blood-red crystals of potassium perceric carbonate. 
When this substance is dissolved in dll. sulphuric acid, it yields carbon dioxide, 
oxygen, hydrogen dioxide, and potassium cerous sulphate. A brown liquid having 
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all the characteristics of a soln. of a jfercerio salt is obtained on dissolving the double 
carbonate in a dil. soln. of potassium carbonate. The crystals of the double car- 
bonate become anhydrous when heated to 110°, but undergo no further decomposi- 
tion when the temp, is raised to 200° ; at 210°, evolution of oxygen commences, 
and as the temp, rises, the rate of evolution increases ; at 300°, carbon dioxide is 
liberated, and the decomposition is complete in one hour at 360° ; the residue then 
consists of a yellow ceric potassium carbonate having the composition CegOj.CQg. 
4K^C0 8 . The double perceric carbonate is also produced, together with the yellow 
cenc salt by agitating a soln, of cerous nitrate and potassium carbonate in the 
presence of atm. oxygen. C. C. Meloche modified the method of preparation. 
Instead of working in cone, potassium carbonate soln., he found it advantageous 
to pass a stream of carbon dioxide through the potassium carbonate soln. until a 
large part of the potassium was removed as the hydrocarbonate. The filtered 
liquid, when kept at 5° for 24 hrs., deposited ruby-red crystals. His analysis 
corresponded with Cc 2 0 4 (C0 3 )2.4K 2 (X)3.12H 2 0. This product loses part of its 
water when exposed to dry air ; and may be almost completely dehydrated at 
110° '120° without losing available oxygen. 

In alkaline soln., the potassium perceric carbonate has three gram-atoms of 
available oxygen for two gram-atoms of cerium, but in acid Noln., only one-third 
this amount of oxygen is available. 0. C. Meloche hence infers that it is impossible 
for perceric compounds to exist in soln. with free mineral acids, and he found that in 
contact with water the salt is rapidly hydrolyzed. He infers that in order to make 
the oxygen available in the nascent form when in the presence of an acid, contact is 
necessary as in the case of the nascent hydrogen liberated by the action of metals 
on dil. hydrochloric acid. The loss of oxygen by the acid treatment is explained by 
representing the reaction : 2Ce0 3 d-3H 2 S04--Ce 2 (S0 4 )34-0 2 -|~H«0 2 -f 2H 2 0 ; where 
the production of oxygen by autoreduction is regarded as an intramolecular process, 
so that oxygen is evolved in the molecular, and not in the atomic state. It is inferred 
that there are two atoms of peroxide oxygen in perceric compounds because if three 
atoms were present more than one molecule of hydrogen peroxide would probably 
remain in soln. after treatment with cold dil. sulphuric acid. If only one atom of 
peroxide oxygen were present, it is improbable that any hydrogen peroxide would 
remain after treatment with acid, since the following reaction takes place quanti- 
tatively : 2Ce(S0 4 ) 2 -f H 2 0 2 = Ce 2 (S0 4 Ig-f- 0 2 + H 2 S0 4 . The presence of peroxide 
oxygon is indicated qualitatively by the following reactions : When a 10 per cent, 
soln, of the perceric potassium carbonate in 23 per cent, potassium carbonate dbln. 
was treated with a cone, potassium carbonate soln. of potassium ferricyanidc, 
potassium permanganate, potassium manganate, potassium hypochlorite, or 
potassium hypobromite, a lively evolution of oxygen was observed. Likewise, 
when a 10 per cent. soln. of the same compound in sat. potassium bicarbonate soln. 
was treated with lead dioxide, oxygen was evolved. It is inferred that the peroxide 
oxygen in potassium perceric carbonate is not present as hydrogen peroxide because 
of the stability of the compound at 110°-120°. 

While a soln. of ceric carbonate in one of potassium carbonate is stable in air or 
oxygen, an aq. soln. of cerous carbonate is autoxidized, for it absorbs oxygen and 
forma perceric, not ceric, carbonate : Ce 2 ( C0 3 )3 -f 2H 2 0 + 0 2 ~ Ce 2 (C0 3 )3(0H) 2 -(- HgO t . 
The perceric carbonate so produced reacts with the unchanged cerous carbonate, 
forming ceric carbonate. 0. Engler and co-workers showed that by varying the 
conditions, the relative speeds of the two reactions can be modified. Cerous car- 
bonate may thus act as a catalytic agent or as a carrier of oxygen in the oxidation 
of various substances by air. In this reaction the acceptor should be able to reduce 
both the perceric and ceric carbonates to the cerous states ; if it can reduce only the 
perceric carbonate to the ceric state, the reaction ceases when all the cerous salt 
has been oxidised to the ceric state. * 

C. C. Meloche prepared ruby-red crystals of r u bid ium perceric car bon a t e by 
a method similar to that employed for the potassium salt, but the salt was not 
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analyzed. The rubidium salt is less readily hydrolyzed than the potassium salt : 
and oxygen is liberated by its soln. in contact with lead dioxide. A soln. of 
ammonium perceric carbonate was obtained by a similar process, but the salt 
could not be crystallized from the liquid. The soln. is less stable than that of the 
potassium compound, and decomposes when kept with the formation of a yellow 
deposit — presumably a ceric oxycarbonate. It was not possible to prepare sodium 
perceric carbonate by the method used for the potassium compound— pre- 
sumably owing to the lower solubility of the sodium carbonate — but if the dark 
red soln. of perceric ammonium carbonate is treated with excess of solid sodium 
carbonate and the soln. evaporated slowly in vacuo, well-formed crystals of perceric 
sodium carbonate of the composition Ce2O4(CO3)2.4Na2CO3.30H 2 O, are obtained. 
It is only sparingly soluble in cold water and effloresces in dry air. Contact with 
moisture above 0° results in hydrolysis, and with larger quantities of water the 
crystals are completely decomposed with the formation of a gelatinous, orange-red 
precipitate. 
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§ 18. The Nitrates o! the Cerium Metals 

The titrates of the rare earths are readily obtained in soln. by dissolving the 
sesquioxides, hydroxides, or carbonates in nitric acid ; or by the oxidizing action 
of hot cone, nitric acid on the oxalates. As a rule, the evaporation of the aq. 
soln. furnishes the hexahydrated salt. J. J. Berzelius 1 prepared colourless tabular 
crystals of Cftrous nitrate, Ce(N03) 8 .6H 2 0, by evaporating a soln. to a syrupy 
consistency ; A. Beringer could not get his soln. to crystallize ; and L. N. Vauquelin 
obtained crystals only from acidified soln. S. Jolin, and T. Lange prepared a soln. 
of cerous nitrate by double decomposition of cerous sulphate and barium nitrate ; 
and if cerous oxide or oxalate and nitric acid is used, they recommend the addition 
of some hydrogen peroxide* as reducing agent. A mol of the hexahydrate loses 
three mols of water at 100°, and at 200° it begins to decompose. In general, when 
the attempt is made to prepare the anhydrous rare earth nitrates by heat, basio 
nitrates are produced. E. Lfiwenstein measured the vap. press, of cerium nitrate 
crystals and found evidence of the hexa-, tetra-, and mono-hydrates. J. C. G. de 
Marignac and C. G. Mosander prepared large crystals of lanthanum nitrate, 
La(N08) 3 ,6H 2 0, by the spontaneous evaporation of the aq. soln. ; a mol of the salt 
doses five mols of water when confined over cone, sulphuric acid. E. Ldwenstein 
measured the vap. press, of lanthanum nitrate crystals and found evidence of the 
hexa-, tetra-, and mono-hydrates. By similar processes, C. von Scheele prepared 
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large green needles of praseodymium nitrate, Pr(N0 3 ) 3 .6H 2 0 ; G. Bodman, 

Nd(N0 3 ) 3 .6H 2 0 ; and P. T. Cleve, samarium nitrate, 
Sa(N0 3 ) 8 .6H 2 0, of sp. gr. 2*375 at 20*4°. 

The hexahydrates all crystallize in the triclinic system ; according to A. Fock, 
the axial ratios and angles of the cerous salt are o : b ; c=0*8346 : 1 : 0*6242. and 
a=78° 54', 0=102° 9', and y=92° 3' ; for the lanthanum salt, J. C. G. de Marignao 
gave a : b : c=0*8345 : 1 : 0*6215, and a=79° 12', 0=101° 58', and y=92° 18' ; 
and H. Topsoe gave for the didymium salt, a : b : c=2'4035 : 1 : 1*8597, and a=69° 6', 
P—0T 30 , and y=92° 47$ . Hexahydrated lanthanum and neodymium nitrates 
were shown by G. Bodmann to be isodimorphous with bismuth nitrate. J . C. G. do 
Marignac said that the crystals of cerous nitrate are deliquescent, but S. John said 
this is not the case. K. Jauch found the sp. ht. of soln. of N eq. of lanthanum 
and samarium nitrates to be : 


N • • 0*5 1 0 2 0 30 4 0 

Sp. ht. La salt . . 0 9395 0-8880 0 8030 0-7321 0 0088 

Sp. ht. Sasalt . . 0-9435 0-8900 0-8160 0 7510 

W. W. Coblentz studied the ultra-red transmission spectra of the nitrates of 
lanthanum, praseodymium, and neodymium. W. Muthmann measured the electrical 
conductivity, A, of soln. containing a gram-cq. of the salt, JLa(N0 3 ) 3 , in v litres, aud 
found, at 25° : 


V • 32 04 128 250 512 1024 

A . . 98 0 105-4 112-8 118-1 124 1 120*5 

where the value A 102 4~A 32 --28. A. A. Noyes and J. Johnston found for the per- 
centage ionization, a, at 35° : 


v . . 5-00 1000 20-00 8000 500-0 <x 

a . . 58-0 04-4 700 804 904 100 

A. A. Noyes and K. G. Falk, and G. N. Lewis and G. A. Uuhardt studied the ioniza- 
tion of soln. of lanthanum nitrate. 

A. Heydweiller gave the sp. gr. and electrical conductivities of soln. of lanthanum 
and samarium nitrates. G. N. Lewis and M. Randall calculated the activity coeif. 
of soln. of lanthanum nitrate. A. C. Neish and J. W, Burns measured the hydrogen 
ion cone, of yyV-soln. of the nitrates of some rare earths, and found the order to 
to be thorium, cerium(ic), neodymium, praseodymium, cerium(ous), and lanthanum. 
J. H. Hildebrand titrated soln. of praseodymium and neodymium nitrates with ifoln. 
of sodium hydroxide, and measured the e.m.f. of the soln. during the operation 
against a normal hydrogen electrode. These nitrates are all readily soluble ip water ; 
according to C. Janies and C. F. Whittemore, llK) grms. of water at 25° dissolve 
151*1 grms. of hexahydrated lanthanum nitrate, and, according to C. James and 
J. E. Robinson, 152*9 grms. of neodymium nitrate. According to O. L. Barneby, 
these nitrates are also soluble in acetone, and in alcohol ; according to 
L. N. Vauquelin, 100 parts of alcohol dissolve 50 parts of cerous nitrate. The solu- 
bilities are usually diminished by the addition of nitric acid, and the pentahydrates 
usually separate from nitric acid of sp. gr. 1*4. E. Dema^ay gave 78°-79° for the 
m.p. of the yellow needles of hexahydrated samarium nitrate. C. James aud 
C. F. Whittemore measured the solubility of lanthanum nitrate in aq. soln. of 
lanthanum oxalate ; H. Freundlich and E. Ldning studied its effect on a colloidal 
silver soln. G. L. Clark made lanthanum hex&mminonitrate, La(NH 3 ) 6 (N0 3 ) 3 , 
by the action of ammonia at 43° on the hexahydrated nitrate. 

According to G. Wyrouboff and A. Verneuil, crystals of C6T0QS sulphatonitrate, 
Ce(N0 3 )(S0 4 ).H 2 0, separate when a soln. of cerous sulphate in cone, nitric acid is 
evaporated on a steam-bath. C. James and C. F. Whittemore studied the ternary 
system, lanthanum oxalate, lanthanum nitrate, and water at 25°, and found that thtf 
henahydrated lanthanum oxalate, La2(C 2 0 4 ) 3 .llH 2 0, is not stable at this temp, 
in contact with the nitrate; the solubility curves show the existence of the 
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octohydrate, the pentahydrate, and the trihydrate, but no lanthmum oxdatonitraie 
appears to be stable at this temp, though one might exists a higher temp. The 
observed results are summarized in Fig, 23. A similar examination by C. James 
and J. E. Robinson of the ternary system, neodymium oxalate , neodymium nitrate, 
and water, at 25°, shows the existence of henahydrated neodymium oxalate, and 
neodymium ox&latonitrate with Nd 2 (C 2 0 4 )3.2(or 2})Nd(N0 3 ) 3 .24H !i 0, as illustrated 
in Fig. 24. 

The cerium family of metals forms double nitrates with many other metals. Tho 
general method of preparation is to dissolve the two nitrates in cone, tyitric acid, 



Fia. 23. -Mutual Solubility of Lanthanum Fig. 24. — Mutual Solubility of 
Oxalate and Nitrate. Neodymium Oxalate and Nitrate. 


and evaporate until crystals are formed. G. Wyrouboff found that with the excep- 
tion of the sodium salt, if soln. of the double nitrates with the alkali metals are 
evaporated over 70°, the anhydrous salt is obtained, but G. Jantsch and S. Wigdoroff 
could not confirm this observation. According to T. Lange, when a mixed soln. of 
cerous and sodium nitrates is evaporated, slender needle-like crystals of sodium 
ceroU8 nitrate, 2NaN0 3 .Ce(N0 3 ) 3 .H 2 0, are formed. G. Jantsch and S. Wigdoroff 
found that double salt is not completely dehydrated at 150°. The sp. gr. 
is 2*65 at 0°/4°. The last-named also made sodium lanthanum nitrate, 
2NaN0 8 .La(N() 3 ) 3 .H 2 0, in white slender needles of sp. gr. 2 63 at 0°/4° ; and the 
salt is not completely dehydrated at 150°. G. Wyrouboff said that the monoclinic 
crystals have the axial ratios a:h: c=l*9970 : 1 : 0*7678, and j8=90° 32'. C. von 
Scheele said that sodium praseodymium nitrate, 2NaN0 3 .Pr(N0 3 ) 3 .H 2 0, crystal- 
lizes in small deliquescent needles. T. Lange made potassium cerous nitrate, 
2KN0 3 .Co(N0 3 ) 3 .2H 2 0, and found that the crystals are completely dehydrated 
at 180°. According to A. Fock, the formula is 2KN0 3 .Cc(N0 3 ) 3 .l|H 2 0 ; and the 
crystals are rhombic pyramids with axial ratios a : h : c=0*5227 : 1 : 0*5704. 
Similarly for potassium lanthanum nitrate, A. Fock«gave 2KN0 3 .La(N0 3 ) 3 .l JH 2 0, 
and found the rhombic crystals to have the axial ratios a : b : c= 0*5220 : 1 : 0*5712. 
G. Jantsch and S. Wigdoroff found the white, slender, hygroscopic needles are 
dihydrated ; they have a sp. gr. 2*54 at 0°/4° ; and are dehydrated at 60°. 
G. Wyrouboff, and G. Jantsch and S. Wigdoroff made rubidium cerous nitrate, 
2RbN0 8 .Ce(N0 8 ) 8 .4H 2 0. It forms hygroscopic, needle-like crystals belonging to the 
monoclinic system, with axial ratios a : h : c=l*2298 : 1 : 0*9910, and 8=101° 16' ; the 
sp. gr, is 2*497 at 0°/4° ; the m.p. is 70° ; and the crystals are dehydrated at 60°. 
u. Wyrouboff, and G. Jantsch and 8. Wigdoroff obtained rubidium lanthftnnm 
nitrate, 2RbN0 3 .La(N0 8 ) 3 .4H 2 0, by evaporation from a soln. containing lanthanum 
and rubidium nitrates in the molar proportions 1:4. The monoclinic crystals have 
the axial ratios a : h : o=l*2349 : 1 : 0*9888, and j8=101° ; the sp. gr. is 2*497 at 
0 °ji ° ; the m.p. 86° ; and the crystals are dehydrated at 60°. If the lanthanum 
and rubidium nitrates be in the molar proportion 1 : 2, colourless plates of rubidium 
lanthanum hydronitrate, RbNQ 8 .La(NQ3) 3 .HN0 8 .6H 2 Q, appear in colourless plates 
whioh lose their nitric acid, and five-sixths the water at 120°; the product 
RbNOstLatNOs^.HgO is not dehydrated at 200°, and its sp. gr. is 2*377 at 0°/4°. 
P. von Scheele, and G. Jantsch and S. Wigdoroff made rubidium praseodymium 
nitrate, RbN0 8 .Pr(N0 8 ) 8 .4H 2 0, in green, hygroscopic, monoclinic crystals ; which 
have a sp. gt. 2*50 at 0°/4° ; and m.p. 63*5° ; and are dehydrated at 60°. Similarly 
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nbidinm neodymium nitrate, RbNO,.Nd(NO,),.4H i O l furnishes bright reddish- 
violet plates which, according to G. Wyrouboff, have the axial ratios a: bio 
=1*2276 : 1 : 1*0153, and 0=100° 29'. The sp. gr. is 2*56 At 0°/4° ; and the m.p. 
47°. The salt is dehydrated at 60°. The temp, at which the above com- 
pounds melt in their water of crystallization decrease with increasing at. wt. of 
the rare earth metal. According to G. Wyroubofl, the nitrates of the type 
2M , N03.R(N08 )s. 4H 2 0, are isomorphous. G. Jantsch and S. Wigdoroff, and 
G. Wyrouboff prepared caesium cerous nitrate* 2 CsN 03 .Ce(N 0 3 ) 3 . 2 H 2 0 , in mono- 
clinic prisms, with axial ratios aib\c= 12052 : i : 0*9816, and 0=103° 41'; 
similarly, caesium lanthanum nitrate, 2CsN0 3 .La(N0 3 ) 3 .2H 2 0, forms small, tabular, 
monoclinic crystals with axial ratios a : b : C--1 3052 : 1 : 0 9663, and 0~~1O3° 26' ; 
the sp. gr. is 2*827 at 0°/4°. 

H. Wolff prepared ammonium cerous nitrate, 2NH 4 N03.Ce(N0 3 ) 3 .4H a 0, by 
crystallization from a mixed soln. of ammonium and cerous nitrates. This double 
salt is stable in the interval of temp, between 9° and 65°, and it can be recrystallized 
from water with change. A. des Cloizeaux, J. 0. G. de Marignac, A. Fock, and 
G. Wyrouboff have examined the crystals. According to A. Fock, the monoclinic 
crystals have the axial ratios a : b : c= 1*2321 : 1 : 2 1 695, and 0—112° 45', and they 
are isomorphous with the corresponding salts of lanthanum and didymium. The 
double refraction is negative. The salt melts in its water of crystallization at 74°. 
According to H. Wolff, 100 grms. of water dissolve 

25 “ 45 ° 60 “ 0606 ° 

Grins. 2NH 4 N0 3 .Ce(N0,) 3 . 200-8 410*2 681-2 81 7 4 

and if w denotes the percentage amount of the anhydrous salt, the solubility at B° 
between 25° and 65° is u>=68*7+1720~fO’OO20 2 . M. Holzmann obtained 
3NH 4 N0 3 .2Ce(N0 3 ) 3 .12H 2 0 by crystallizing a soln. of the component salts at 0°. 
According to H. Wolff, when this salt is recrystallized from water, it furnishes 
2NH4N0 3 .Ce(N03)3.4H 2 0. J. C. G. de Marignac, A. des Cloizeaux, H. Dufet, 
E. H. Kraus, and G. Wyrouboff prepared ammonium lanthanum nitrate, 
2NH 4 N0 3 .La(N0 3 )3.4H 2 0, and found the monoclinic, prismatic crystals were iso- 
morphous with those of cerium (ous) and didymium. E. H. Kraus gave for the 
axial ratios a : b : c=l*2475 : 1 : 2 1863, and 0—112° 36' ; and the sp. gr. 2*135. 
The double refraction is strongly negative. O. Holmberg found that 100 grms. of 
water at 15° dissolve 181*14 grins, of 2NH 4 N0 3 .La(N03) 3 . 0. von Scheele prepared 
ammonium praseodymium nitrate, 2NH 4 N0 3 .Pr(N0 3 )3.4H 2 0, in large deliquescent 
crystals of sp. gr. 2*155 ; and C. A. von Welsbach, ammonium neodymium nitrate, 
2NH 4 N0 3 .Nd(N0 3 ) 3 .4H 2 0. 

A. Kolb and co-workers reported complex salts of cerous nitrate with pyridine, quinoline, 
and piperidine ; and of lanthanum nitrate with pyridine, antipyrino, and quinoline. 
G. A. Barbieri and F. Calzolari made a complex salt of lanthanum and neodymium nitrates 
and hexamethylenetetramine. 

G. Jantsch and S. Wigdoroff prepared thallous cetotui nitrate, 2TlN0 3 .Ce(N0 3 ) 3 . 
4H 2 0, in hygroscopic crystals of sp. gr. 3 326 at 0°/4°, and m.p. 64*5°. The salt is 
dehydrated at 60°. They also made hygroscopic crystals of th&lloui lanthanum 
nitrate, 2TlN0 3 .La(N0 3 ) 3 .4H 2 0, of sp. gr. 3*318, and m.p. 72°. The salt is 
dehydrated at 100°. 

The magnesium, zinc, manganese, cobalt, and nickel rare earth nitrates of the 
general formula 3M"(N0 3 ) 2 .2R(N0 8 ) 3 .24H 2 0, have been investigated by many. 
They form an extended isomorphous series crystallizing in the trigonal system. 
They are also isomorphous with the corresponding bismuth complex salts. While 
the double nitrates of the alkali metals are obtained from acidified soln., these 
salts, with the exception of the gadolinium series, can be obtained from neutral 
soln. T. Lange, M. Holzmann, and C. F. Rammelaberg prepared magnesium 
WOOS nitrate, SMgfNOafe^CetNO^g^Hs^, in trigonal crystals with the axial ratio* 
a: c»l : 1*5378. The crystals were also examined by A. des Cloizeaux, L. Carius, 
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C. F. Rammelsberg, and G. Geipel. The double refraction is feebly negative. 
G. Jantscb gave for the magnesium series : 



La 

Ce 

Pr 

Nd 

8a 

Sp. gr. (0°/4°) . 

1*988 

2-002 

2-019 

2*020 

. 2*088 

Mol. vol. 

. 768*3 

704-2 

758-0 

761*2 

742*4 

Melting point 

Molar solubility . 

. 113*5° 

111-5° 

111-2° 

109*0° 

96*2° 

0-0418 

0-0382 

0*0503 

0*0635 

0*0583 


where the molar solubility refers to the mols of salts dissolved by a litre of nitric 
acid of sp. gr. 1*325 at 16°/4°. M. Holzmann prepared magnesium lanthanum 
nitrate, 3Mg(N0 3 )2.2La(N03)3.24H 2 0 ; and G. Jantsch, large leek-green crystals 
of magnesium praseodymium nitrate, 3Mg(N0 3 ) 2 .2Pr(N0 3 ) 3 .24H 2 0 ; E. Deraar$ay 
prepared magnesium neodymium nitrate, 3Mg(N0 3 )2.2Nd(N0 3 )3.24H 2 0 ; and 
magnesium samarium nitrate, 3Mg(N0 3 ) 2 .2Sa(N0 3 ) 8 .24H 2 0. T. Lange, and 
H. Zschiesche prepared zinc cerous nitrate, 3Zn(N0 3 ) 2 .2Ce(N0 3 ) 3 .24H 2 0, in 
deliquescent trigonal crystals which, according to A. Fock, have the axial ratio 
a : c=l : 1*5677. The double refraction is negative. G. Jantsch gave for the 
zinc series : 

La Co Pr Nd 8a 

Sp. gr. (0°/4°) . . 2*161 2-188 2-215 * 2-208 2-283 

Mol. vol. . . . 703-8 755*5 751-0 750*0 732-8 

Melting point . . 98-0° 92-8° 91-5° 88-5° 70-5° 

Molar solubility . . 0*0751 0*0675 0 0888 0*1060 0*2179 

vide supra for the term molar solubility. A. Damour and H. St. C. Deville prepared 
zinc lanthanum nitrate, 3Zn(N0 3 ) 2 .2La(N0 3 ) 3 .24H 2 0. G. Jantsch made zinc 
praseodymium nitrate, 3Zn(N() 8 ) 2 .2Pr(N0 3 ) 3 .24H 2 0, in large, tabular, yellowish- 
green crystals ; zinc neodymium nitrate, 3Zn(N0 3 ) 2 .2Nd(N0 3 ) 3 .24H 2 0, in small 
reddish-violet crystals ; and zinc samarium nitrate, 3Zn(N0 3 ) 2 .2Sa(N0 3 ) 3 .24H 2 0, 
in large violet crystals ; and another zinc samarium nitrate,' 3Zn(N0 3 ) 2 .Sa(N0 3 ) 3 . 
24H 2 0, in large topaz -yellow crystals. 

Normal ceric nitrate, Ce(N0 3 ) 4 , has not been prepared. When a soln. of ceric 
hydroxide in cone, nitric acid in the presence of calcium nitrate, is evaporated, 
V. von Lang and L. Haitinger obtained red monoclinic prisms with axial ratios 
a:b: c— 1*7834: 1 : 1*0465, and j3=90° 48'. The favourable action of calcium nitrate 
on the crystallization is probably due to its lowering the solubility. The composi- 
tion of the red crystals corresponds with ceric hydroxymtrate,Ce(OH)(N0 3 ) 3 .4|H 2 0, 
or, ‘according to R. J. Meyer and R. Jacoby, Ce(0H)(N0 3 ) 3 .3H 2 0. When this salt 
is dissolved in water, the yellow liquid has an acid reaction, and in consequence of 
a progressive hydrolysis, the colour gradually deepens ; by adding nitric acid to 
a freshly prepared s6ln., the colour becomes dark red, but a soln. which has stood 
a long time at ordinary temp., or one which has been boiled, is only gradually 
darkened by nitric acid. When hydrogen dioxide is added to a freshly prepared 
soln. of ceric nitrate, the salt is immediately reduced and the soln. decolorized ; 
but with an old soln. or one that has been boiled, the liquid first acquires a deep red 
colour owing to the formation of a higher oxidized salt, and it is then slowly 
decolorized by reduction. R. J. Meyer and R. Jacoby add that this behaviour is 
characteristic of ceric salts. 

In the old soln. or in spin, which have been boiled, hydrolysis has presumably 
made considerable progress, and a hydrosol is formed which coagulates when nitric 
aoid ia added, and virtually all the cerium can be precipitated as a hydrogel by adding 
sufficient acid. When the hydrogel is dried over potassium hydroxide, an amber- 
coloured, horny, translucent mass is formed. Its composition is 4Ce0 2 .N 2 0 6 .5H 2 0 ; 
and in coptact with sufficient water, a greenish soln. is obtained ; if less water is used 
the liquid may appear opalescent. When the hydrosol is dialyzed nitric acid is 
lost, but the decomposition ceases when the ratio is about 28Ce(OH) 4 : N 2 0 B . If 
hydrochloric acid be added to the hydrosol, the precipitated hydrogel has the com- 
position 4Ce0 2 .2HC1.34H 2 0 ; and with sulphuric acid, 4Ce0 2 .S0 3 .5H 3 0. Tho 
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basic chloride resembles the baaio nitrate, but the basio sulphate does not form the 
hydrosol when treated with water, although about half the sulphuric acid is washed 
away. Similar colloids have been prepared with lanthanum, praseodymium, etc., 
in place of cerium. 

When ammonia is added to the nitrate hydrosol, a hydrogel with the composition 
8Ce0 2 .llH 2 0 is formed. G. Wyrouboff and A. Verneuil regard these colloids as 
derivatives of polymerized or condensed ceric hydroxides, which they liken 
to metastannic acid and metatungstic acid, and called wetacmc oxide , 
^siOisfOHJaofOH)*, in which only the (OH) 3 is capable of reacting with acids. 
When ceric oxide is obtained by calcining cerous oxalate in air at as low a temp, 
as possible, it is indifferent towards cone, nitric acid, but when digested for some 
hours at 100° with 3 per cent, nitric acid, and separated from the liquid by decanta- 
tion, the product is solublo in water. The turbid soln. contains a hydrosol which 
may be precipitated as a hydrogel by adding 2 per cent, nitric acid, or ammonium 
nitrate. When dried at 100°, it forms a horny translucent mass with the com- 
position 2OCeO2.N2O5.5H2O. It is soluble in water. Basic chlorides, sulphates, 
etc., may be similarly prepared. If cerous hydroxide, precipitated by ammonia 
from a cerous salt soln., is oxidized to ceric hydroxide by a current of air, the product 
is almost entirely insoluble in boiling cone, nitric acid, but the soluble portion is 
colloidal and with water forms a soln. of paraceric oxide. 

C. F. Rammelsberg, and R. J. Meyer and R. Jacoby prepared potassium oerio 
nitrate, K 2 Ce(N0 3 ) 6 , by evaporating a mixed soln. of the component salts in cone, 
nitric acid, sp. gr. 1*25, over potassium hydroxide and cone, sulphuric acid. 
M, Holzmann also reported this double salt to be a scsquihydrate, but this is possibly 
due to contamination with the hydrated cerous salt, or with the basic nitrate. The 
colour of double nitrates of this type is like that of the dichromates. According 
to A. des Cloizeaux, the potassium salt furnishes monoclinic crystals with axial 
ratios a : b : c— 1*2455 : 1 : 1 9170, and j8— 91° 12'. The double refraction is negative. 
G. Wyrouboff said the crystals of M. Holzmann are hexagonal with the axial ratio 
a : c— 1 : 1400, and the double refraction is negative. R. J. Meyer and R. Jacoby 
prepared in a similar way rubidium ceric nitrate, Rb 2 Cc(N0 8 )< J , readily soluble 
in water, sparingly soluble in nitric acid ; and emsium ceric nitrate, Cs 2 Ce(NQjf) fl , 
which is not so readily soluble as the rubidium salt. M. Holzmann prepared 
ftmmnnmm ceric nitrate, (NH 4 ) 2 Ce(N 0 3 )fl, and he regarded it as a scsquihydrate ; 
W. Muthmann supposed it to be monohydrated ; and P. Schottliinder, anhydrous. 
The work of R. J. Meyer and R. Jacoby has shown that the salt is anhydrous. 
G. Plancher and G. A. Barbieri prepared the salt by the anodic oxidation of cerous 
ammonium nitrate in a compartment cell. This is one of the most important of 
the ceric salts, and it is employed as a means of preparing pure ceria. A. Sachs 
found that the monoclinic crystals have the axial ratios a : b : c— 2*4668 : 1 : 2*3901, 
and £=129° 52'. A. des Cloizeaux gave a : b : c=l*1690 : 1 : 1*9260, and0=*9O° 21 . 
The double refraction is negative. The hygroscopic crystals readily dissolve in 
water, forming yellow soln. H. Wolff found the percentage solubility to be : 

25* 35*2° 45‘8* 04'5° 85*6* (122°) 

(NHJjCefNO,), 68-49 62-79 64 51 66-84 69-40 (8803) 

and he represented the results at 0° between 25° and 8J>° by the formula 8—52*07 
4-O-3140-O OO130 2 ; but with soln. above 60° there is a partial reduction of ceric salt 
to cerous salt ; and at about the b.p. of the sat. soln., say 122°, after 3 hrs. boiling 
about 9*8 per cent, of the salt was found to be in the cerous state. The soln. in 
alcohol is dark red. The salt is not very soluble in nitric acid, and it forms dark 
red soln., which become nearly black when heated. The salt can be recrystaUized 
from water without decomposition. J. Koppel found the double compounds ot 
ceric salts with the organic bases to be more stable than the inorganic double salts. * 
C. H. G. Williams prepared a compound of cerio nitrate with qumol me. 

Ceric nitrate also forms an isomorphous series of double salts of the type 

vol. v. 2 x 
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M(N0 3 ) 2 .Ce(N0 3 ) 4 .8Ho0, in which M represents an atom of bivalent magnesium, 
zinc, nickel, cobalt, or manganese. The crystals are also isomorphous with the 
corresponding thorium salts. These salts are very easily reduced, and they must 
be prepared from cone, nitric acid ; the salts are decomposed when dissolved in 
water, and they do not lose their water of crystallization when dried over sulphuric 
acid. R. Bunsen and J. Jegel, and M. Holzmann prepared magnesium ceric nitrate, 
MgCe(N0 3 )fl.8H 2 0, but H. Zschiesche, and C. F. Rammelsberg believed the product 
to be a mixture of ceric nitrate and magnesium cerous nitrate. R. J. Meyer and 
R. Jacoby prepared the salt in the presence of cone, nitric acid, and Bhowed the idea 
that the salt does not exist to be based on the fact that it is very easily reduced. 
It is deliquescent in air ; more soluble in water and nitric acid than the alkali salts ; 
and when heated it melts in, and is decomposed by, its water of crystallization. 
G. Geipel found the axial ratios of the monoclinic, dark red crystals to be 
a : b : c=1032 : 1 : T586, and j3=96° 43'. M. Holzmann prepared zinc ceric 
nitrate, ZnCe(N0 3 ) 6 .8H 2 0. C. F. Rammelsberg and H. Zschiesche denied the 
existence of this salt, but as in the case of the magnesium salt, R. J. Meyer and 
R. Jacoby showed how it can be prepared. M. Holzmann thought the salt was 
an onneahydrate. G. Geipel found the axial ratios of the monoclinic dark red 
crystals to be a : b : c=0‘978 : 1 : 1‘339, and j3=100° O'. 
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§ 19. The Phosphates ot the Cerium Metals 

Several phosphates of the rare earths occur in nature. These have already 
been discussed. W. Hisinger and J. J. Berzelius 1 precipitated a cerium phosphate 
by adding phosphoric acid or an alkali phosphate to a soluble cerous salt. 8. John, 
and W. N. Hartley showed that the white powder so obtained is dihydratcd 06T0US 
orthophosphate* CeP0 4 .2H 2 0. F. V. C. Radominsky fused the precipitated phos- 
phate with cerous chloride, and extracted the cold mass with water and dil. nitric 
acid ; the crystals of cerous orthophosphate, CeP0 4 , resembled monazite. 
L. V. R. Ouvrard also obtained the anhydrous phosphate in yellow rhombic prisms 
by fusing ceric oxide with potassium metaphosphate ; H. Grandeau obtained similar 
greenish-yellow, needle-like crystals. H. Holm obtained a similar product by 
fusing cerous sulphate with sodium metaphosphate. M. Choubine, P. T. Oleve, and 
R. Hermann made lanthanum orthophosphate, LaP0 4 , by adding phosphoric acid or 
disodium hydrophosphate to a soln. of lanthanum acetate or sulphate. F. T. Frerichs 
and E. F. Smith say that the amorphous precipitate obtained with the sulphate soln. 
has the composition La 2 (HP0 4 ) 3 . L. V. R. Ouvrard, and H. Grandeau obtained the 
crystalline orthophosphate by melting lanthana with potassium metaphosphate. 
P. T. Clove made crystals of samarium orthophosphate, SaP0 4 , by fusing samaria 
with sodium metaphospliate, and leaching the cold mass with water. 

According to H. Grandeau, the sp. gr. of the crystals of cerium orthophosphate 
is 5 22 at 11° ; and, according to P. T.Cleve, that of samarium phosphate is 5 828 
at 17*5°. W. Hisinger and J. J. Berzelius said that cerous orthophosphate is slightly 
soluble in nitric and hydrochloric acids ; M. Choubine also noted that lanthanum 
orthophosphate is soluble in acids ; and P. T. Clevc, that samarium orthophosphate 
is insoluble in water. 0. G. Mosander said that when cerous phosphate is ignited 
in a carbon crucible, it is neither fused nor reduced, but merely sinters together. 
L. V. R. Ouvrard saturated molten potassium orthophosphate or pyrophosphate 
with ceric oxide, and, on cooling, obtained prismatic crystals of potassium C6TOU8 
orthophosphate, K 3 Ce 2 (P0 4 ) 3 , or K 3 P0 4 .2CcP0 4 , of sp. gr. 3 8 at 20° ; and similarly 
also with sodium cerous orthophosphate, Na 3 Ce 2 (P0 4 ) 3 ; and with potassium 
lanthanum orthophosphate, K 3 La 2 (P0 4 ) 8 , of sp. gr. 3 5 at 20°. F. Zambomm 
obtained cerium apatite and didymium apatite by fusing and slowly cooling a mixture 
of calcium orthophosphate and chloride, and cerium phosphate, CeP0 4 . The 
crystals contained up to 13 per cent. CcP0 4 ; similarly, crystals with 3 per •ent. 
of DiP0 4 were made ; and also crystals of didymium spodiosite with up to 9 per 

cent. DiP0 4 . .♦ . , 

A. Rosenheim and T. Triantaphyllides prepared cerous pyrophosphate, 
O 4 (P 2 0 7 ) 3 .12H 2 0, by adding a cerous salt to an excess of a soln. of sodium pyro- 
phosphate. It is readily soluble in mineral acids. S. John mado microscopic 
needles of cerous hydropyrophosphate, CeHP 2 0 7 , from a sat. soln. of cerous carbon- 
ate in pyrophosphoric acid. P. T. Cleve prepared lanthanum hydropyrophosphate, 
LaHP 2 0 7 .3H 2 0, by adding a lanthanum salt to a soln. of sodium pyrophosphate 
until the white precipitate first formed redissolves. On allowing the soln. to stand, 
needle-like crystals of this salt are formed. He also made samarium hydropyro- 
phosphate, SaHP 2 0 7 .3£H 2 0, from a soln. of samarium hydroxide m pyrophosphoric 
acid. K. A. Wallrotb prepared sodium cerous pyrophosphate, CcNaP 2 0 7 , from a 
aoln. of the oxide in molten sodium metaphosphate or sodium ammonium phos- 
phate ; he also made in a similar way sodium la n tha num pyrophosphate, LaNal *0 7l 
isomorphous with the cerous salt. 

0. F. Rammelsberg obtained C6T0US metaphosphate, Ce(P0 3 ) 3 , by evaporating 
cerous hypophosphite with nitric acid, and calcining the residue ; and K. R. John- 
son obtained microscopic crystals by the action of anhydrous cerous sulphate 
on fused metaphosphoric acid. The ep. gr. of the salt is 3 272, and it is insoluble 
in acids F T Frerichs and E. F. Smith precipitated lantbannm metaphotphate, 
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La(P0 3 ) 3 , from a soln. of sodium metaphosphate by means of lanthanum sulphate; 
and K.R. Johnson obtained the acid metaphosphate, La20 8 .5P 2 0 5 , by dissolving 
the sulphate in molten mefcaphosphoric acid, and extracting the mass with 
water. The monoclinic crystals had the axial ratios a : b : c—1’44604 : J : 0’95897, 
J9—89 0 28' 20", and sp. gr. 3 24 1. P. T. Cleve similarly prepared samarium mata- 
phosphate, Sa 2 0 3 .5P 2 0 6 . The crystals had a sp. gr. 3*487 at 28*8°. 

According to W. N. Hartley, when sodium phosphate is added to a slightly 
acid soln. of a ceric salt, a yellowish precipitate is obtained, which, when dried in 
vacuo over sulphuric acid, has the composition of ceric hydro-orthophosphate, 
2Ce 2 H(P04) 3 .25H 2 0 ; R. J. Carney and E. de M. Campbell, and A. Rosenheim 
and T. Triantaphyllides obtained ceric pyrophosphate, CeP 2 0 7 .nH 2 0, by warming 
a soln. of cerous pyrophosphate in hydrochloric acid mixed with bromine. 
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§ 20. Yttrium 

Yttrium occurs in virtually all the rare earths, but more particularly in gadolinite, 
xenotime, euxenite, polycrase, samarskite, and these minerals are common enough 
to act as a source of this earth— gadolinite from Hittero, for example, has been 
reported with 46 5 per cent, of yttrium earths ; that from Colorado, 9-14 per cent. ; 
xenotime from Hittero, 58 per cent., that from Minas Geraes, 64 per cent., that 
from Colorado, 67 8 per cent. ; samarskite from Colorado, 17 per cent., and that from 
Urals, 21 per cent. ; polycrase from Hittero, 32 per cent. ; euxenite from Arendal, 
30 per cent. Monazite has but 0*4 to 4 5 per cent, of yttria earths, but the by- 
product -remaining after the extraction of thoria and ceria earths is a convenient 
Bource of yttria earths. Minerals rich in yttrium earths are more abundant than 
those rich in cerium earths. The cerium minerals are poor in yttrium earths, while 
the yttrium minerals are poor in cerium earths. It is, however, probable that although 
yttrium is the most abundant of the rare earths in the yttrium family, any one of 
the cerium elements, excluding samarium, is more abundant than yttrium. As 
previously indicated, yttria was discovered by J. Gadolin i in 1794, and afterwards 
studied by A. G. Ekeberg, M. H. Klaproth, L. N. Vauquelin, J. J. Berzelius, and 
N. J. Berlin. 

J. J. Berzelius employed the* following process of extraction : Powdered gadolinite is dis- 
solved in aqua regia ; the soln. evaporated to dryness ; the mass extracted with hot water 
acidulated with hydrochloric acid ; the soln. filtered from the silica ; mixed with a suffi- 
cient quantity of potassium sulphate, which must project above the surface of the liquid; 
and left to stand for a space of 24 hrs. ; potassium cerous sulphate is then precipitated 
in the form of a white powder. The whole is then passed through a filter and washedtwo or 
three times' with water saturated with potassium sulphate ; the filtrate and washings 
are neutralized with ammonia ; and the ferric oxide precipitated by ammonium succinate. 
The filtered liauid treated with ammonia yields a precipitate consisting of basic yttrium 
sulphate mixed with & small quantity of mangnese oxide ; it is repeatedly digested, while 
still moist, with fresh quantities of a dil. soln. of ammonium carbonate, well shaken, and 
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allowed to stand. The yttrium carbonate dissolved in this liquid is precipitated on boiling 
the filtrate, and is then ignited. If after ignition it exhibits a brown instead of a greyish* 
yellow colour, it contains manganese. To eliminate this impurity, the salt is dissolved in 
nitric acid, evaporated to dryness, and heated in a sand-bath to the m.p. of tin, by which 
means the manganese nitrate is decomposed. The mass is then dissolved in a very small 
quantity of water : the almost syrupy liquid filtered through paper ; diluted ; mixed with 
ammonia; and the resulting hydrate exposod to a red heat. The residue on the filter 
containing manganese, yields, by washing with more water, a browu soln., which may 
be again evaporated and heated to separate the manganese. T. Scheerer discussed the 
separation of iron oxide from yttria. 

In 1842, C. G. Mosander discovered that the earth yttria is not really simple 
because it can be resolved into three others. The name yttria was reserved for 
the most basic one, and the other two received the names erbia and terbia. The 
following is the procedure employed by C. G. Mosander : 

When ammonia is added in small quantities at a time to a soln. of ordinary yttria in 
hydrochloric acid, and the precipitate produced by each addition is separately collected, 
washed, and dried, basic salts are obtained, the last of which are colourless, and consist of 
pure yttria. Proceeding from these last in the reverse order, we find that the precipi- 
tates become reddish and nearly transparent, and contain a larger and larger quantity 
of terbia, while the precipitates first formed contain the largest quantity of erbia, mixed, 
however, with terbia and yttria. When a soln. of crude yttria in nitric arid is treated in 
the same manner, and the several precipitates separately heated, the first precipitate 
yields an oxide of a deep yellow colour ; and the colour of those which follow become# 
continually lighter, till at length a colourless oxide is obtainod, consisting mainly of yttria 
mixed with a small quantity of terbia. In these experiments, it is important that the crude 
yttria should bo perfectly free from iron, uranium, etc. It is better, therefore, to precipitate 
it from the original soln. by a dil. soln. of ammonium sulphide ; and, when the precipitate 
ceases to exhibit a bluish-green tinge, to filter the soln., and proceed with the filtrate aa * 
above. Or, better still : to add a portion of free acid to the soln. of yttria, and then to drop 
it gradually into a soln. of potassium oxalate, stirring constantly, till the precipitate no longer 
redissolves. In a few hours a precipitate is deposited ; this must be separated by filtration, 
and the clear liquid again treated with acid oxalate, as long as a precipitate continues to 
form. The filtrate, on being neutralized with an alkali, yields a small quantity of nearly 
pure yttrium oxalate. The precipitates first obtained are crystalline, and rapidly fall to 
the bottom of the vessel ; whereas the last, which is pulverulent, is slowly deposited. The 
first contain the largest quantity of orbia mixed with terbia and yttria ; the next, chiefly 
terbia contaminated with erbia and yttria ; and the last, nearly pure yttria. Tho first 
precipitates are always reddish ; the last colourless. If the mixture of the earths tie precipi- 
tated by an oxalate, and the precipitate digested in very dil. sulphuric acid (1 : 49), the aotd 
first dissolves out the yttria, properly so called ; and on treating the residue with sucessive 
portions of fresh acid, the quantity dissolved becomes loss and less ; and at the same 
the undissolved portion becomes more and more yellow by calcination. When the yttria 
has been thus removed, the residual oxalate is to be washed and ignited ; the earth which 
remains, dissolved in nitric acid ; and tho soln. -which should not be too dil. --{nixed to 
saturation with pounded potassium sulphate. By this means the erbia is precipitated in 
the form of a potassium erbium sulphate, which is nearly insoluble in water saturated with 
potassium sulphate, but dissolves easily in pure water. The potassium terbium sulphate 
remains in soln. The liquid having been filtered, and the precipitate washed, the potas- 
sium erbium sulphate may be dissolved in water, and the erbia precipitated by potassium 
hydroxide, then washed and ignited. The terbia may also be precipitated by treating tho 
filtrate with potassium hydroxide. 

Gadolinite is much more complex than the earlier chemists supposed. In the 
modem process of extracting yttrium, the rare earths sulphates, which have a low 
solubility in a sat. soln. of an alkali sulphate, are first separated,; and the remaining 
earths are converted into bromates or ethyl sulphates and fractionated. The fraction 
between that with the least and that with the greatest solubility contains yttrium 
contaminated with dysprosium, holmium, and erbium. Various methods of 
fractionation have been used — t.g. fractional hydrolysis of the phthalates ; fractional 
precipitation with potassium ferrocyanide ; fractional crystallization of the double 
alkali sulphates ; fractional precipitation of the chromates ; fractional precipitation^ 
of the basic nitrates ; etc. These methods have been previously described in the 
first purification. L. de Boisbaudran 8 fractionally precipitated with ammonia ; 
P. T. Cieve fractionally crystallized the oxalate from nitric acid ; R. J. Meyer and 
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J. Wuorinen fractionally precipitated the iodate from nitric acid, and they found that 
the chromate process separates yttrium from terbium and gadolinium, but is most 
applicable to mixtures from which the greater part of the terbium has been removed 
by other methods. They found that the fractional crystallization of the ethyl 
sulphates is tedious, but is suitable for large quantities . Precipitation with potassium 
ferrocyanide gives nearly pure yttria, but the yield is small, and the precipitates 
are not readily filtered. The crystallization of the double ammonium tartrates is 
unsuccessful, as is also the fractional hydrolysis of these salts by water, ammonia, 
or magnesia. E. W. Engle and C. W. Balke purified yttria by the chromate method ; 
(J. James and L. A. Pratt, by the basic nitrate method ; and B. S. Hopkins and 
C. W. Balke, by the sodium nitrate method. J. P. Bonardi and C. J ames said the most 
rapid method for separating yttria from the yttria earths is by fractional precipitation 
with potassium cyanocobaltate. E. Wickers and co-workers found the nitrate 
method rather more efficient than the cyanocobaltate process. The subject has 
been discussed by C. C. Kiess and co-workers ; and by H. C. Fogg and C. James. 

C. James and L. A. Pratt proceeded with the basic nitrate method as follows : The 
fraction containing the yttria was precipitated as the hydroxide and well washed with boiling 
water. The hydroxides were next converted into the nitrates, and the latter subjected to 
fractional decomposition. This was carried out by evaporating the soln. and fusing until 
a portion had decomposed. The evolution of red fumes was allowed to proceed irntil the 
surface acquired a peculiar steely appearance. This point was easily ascertained by 
experience. The decomposition was allowed to continue until the mass became creamy. 
The fused mass was then poured into cold water. Great care was required in order to 
prevent spattering. The result of this operation was a nicely granulated product, which 
rapidly disintegrated upon boiling. Under the best conditions, the entire mass went into 
m soln. ; especially was this true of the yttrium end of the series. Upon cooling, the basic 
nitrates separated out in a crystalline form. At the opposite end —the least basic portion — 
of the fractions there always remained an insoluble basic nitrate, unless the decomposition 
was stopped at an earlier stage, i.e. when there was a copious evolution of red fumes. 

In case a precipitate remained, it was highly important that it should be well agitated 
by thorough boiling. After cooling, the precipitate was filtered off, redissolved in nitric 
acid and again fused. The filtrate was also boiled down, and fused. This second series 
gives two filtratos and two precipitates. About 40 series of operations were carried out. 
The nitrato was dissolved in water, heated, and precipitated by means of oxalic acid. The 
resulting oxalate was filtered off, well washed, dried, and ignited. Some of the yttria still 
contained a little erbium and holmium. It was put through a modified chromate method. 
This yielded a supply of yttrium oxide of such a purity that, when converted into a cone, 
soln. of the nitrate, it showed no absorption bands through a layer of about 6 ems, 

Yttrium metal has been obtained only in a more or less impure condition. 
H. Davy said that the old yttria at a white heat is but imperfectly decomposed by 
the vapour of potassium, and J. J. Berzelius stated that potassium yttrium fluoride 
appears to be decomposed by potassium, but on adding water, the yttrium is 
re-oxidized. F. Wohler obtained the metal by the following process : 

Yttrium chloride and flattened globules of potassium are arranged in alternate layers 
in a platinum crucible, the quantity of potassium not being quite sufficient to decompose 
the whole of the yttrium chloride ; the cover is then fastened down by a wire, and the 
crucible heated. The reduction is effected in a moment, and with such violent disengage- 
ment of heat that the crucible becomes white hot. When the whole has becomo perfectly 
cold, the cover is taken off, and the crucible thrown into a large glass of water, in which 
the fused potassium chloride t dissolves, with evolution of a small quantity of impure 
hydrogen gas having- a foetid odour; and the yttrium is collected on a filter, washed 
thoroughly, and dried. 

P. T. Cleve and co-workers obtained it by the action of sodium on the anhydrous 
chloride; J. F. Q. Hicks, by the same method, or by electrolyzing the iused 
chlorides and C. Winkler, by the action of magnesium on the oxide at a 
high temp. E. W. von Siemens and J. G. Halske made yttrium by heating, 
“in the absence of air, yttrium nitride, or other compound of yttrium with the 
elements of the nitrogen family. J. F. Bahr and R. Bunsen, and F. WChler 
obtained yttrium by the electrolysis of a molten mixture of sodium and yttrium 
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chlorides. F. Wohler, and 0. Popp described the metal as a shining powder con- 
sisting of small scales with a metallic lustre, and of an iron-grey colour ; when burn- 
ished, the colour and lustre of the metal resemble those of iron. P. T. Cleve and 
0 . Hoglund found that the metal is readily oxidized in air, and is converted into the 
hydroxide by boiling with water. When burnt in air, said F. Wohler, yttrium oxide 
is formed. W. Kettombeil found that when soln. of the rare earths are electrolyzed 
with mercury cathodes, there is no formation of amalgam at the cathode. According 
to W. Nernst, a complex ion, MH 2 , separates during the electrolysis of alkali salts 
at about 1*4 volts cathodic potential. Above this potential, with one-third of the 
current, the formation of amalgam should occur. Below this point to that where 
the metal ion itself separates, no formation of amalgam could be obtained, even in 
a freezing mixture, but evolution of hydrogen took place. It is supposed that the 
amalgam is formed, but is decomposed with such rapidity as to escape detection. 

J. Missenden observed that, superficially, yttrium is iron-grey powder when 
freshly obtained, and is apt to assume a darkish appearance when kept for an 
appreciable time. This phenomenon is not to be explained by the combination 
of the metal with oxygen, as the oxide is white, and precisely the same effoct is 
observed when the metal is placed in vacuo. The change is probably due to the 
energetic action of light, the darkening process being considerably retarded by 
preservation in a box from which all light has been excluded. W. Guertler and 
M. Pirairi gave 1490° for the m.p. of the metal. W. R. Mott gave 1260° for the m.p., 
and 2500° for the b.p. of yttrium. The spark spectrum of yttrium has been in- 
vestigated by R. Thal6n,® 0. Lohse, R. Bunsen, and F. Exner and E. Haschek. 
The more important lines are 3000 90, 3710 44, 3774 51, 4177’68, 4375‘H, and 
4883 95. The arc spectrum has been studied by F. Exner and E. Haschek, 
0. C. Kiess and co-workers, II. Kayser, G. Eberhard, L. F. Yntema and 
B. S. Hopkins, and J. M. Eder and E. Valenta. The most characteristic lines 
are 3210 83, 3242*42, 3328 02, 3600 92, 361120, 3621 10, 3633-28, 3664 78, 3710 47, 
3774 52, 3788-88, 395052, 3982 79, 4077 5, 4102*57, 4128 50, 4143 03, 4302 45, 
4309-79, 4318*93, 4375*12, 4883 89, 6191 91, and 6435-27. W. J. Humphreys studied 
the effect of press, on the spectral lines of yttrium ; and B. E. Moore, the effect 
of a magnetic field in producing the Zeeman effect. F. G. Wick studied the effect 
of press, on the absorption spectrum. H. G. J. Moseley, D. Coster, E. Hjalmar, and 
E. Friman studied the high frequency or X-ray spectrum of yttrium. F. C. Blake 
and W. Duane, and M. Siegbahn gave for the K-series, a 2 a'=0-840; aja— 0’835; 
£^=0-746; and /3 2 y— 0*733 ; and for the L-series, D. Coster, E. Hjalmar, *and 
M. Siegbahn gave a^a =6 4349 ; a3a"=6'4065 ; and j3i/J=6‘1984. M. Muthmann, 
E. Baur, and R. Marc showed that yttrium compounds do not give the cathodic 
phosphorescent spectrum when highly purified ; the results obtained by W. Crookes 
were caused by the presence of impurities. Soln. of yttrium salts give no absorption 
spectrum in the visible region. 

The analy tical reactions of yttrium. — Yttrium salts are colourless. With a 
soln. of yttrium nitrate as typical salt, the addition of aq. ammonia, or of sodium 
or potassium hydroxide precipitates the white hydroxide, insoluble in excess. Ihe 
hydroxide precipitated from hot soln. is gelatinous, but is not difficult to filter, 
while that precipitated in the cold, is slimy and difficult to filter. If tartaric, citric, 
or other oxy-acid is present, no hydroxide is precipitated, but in the case of ammonia 
and tartaric acid, an ammonium yttrium tartrate is precipitated, and with alkalies, 
the tartrate is precipitated on boiling. The addition of ammonium sulphide soln. 
to the yttrium salt precipitates the hydroxide, insoluble in excess. The addition 
of ammonium carbonate, or an alkali carbonate gives a white precipitate of yttrium 
carbonate, soluble in excess ; and the soln. after standing some time becomes turbid 
owing to the separation of the double salt. Unlike aluminium, thorium, and the 
cerium elements, barium carbonate gives no precipitate in the cold, and onty 
an incomplete precipitation with hot soln. With oxalic add, and a mmonram 
oxalate, an amorphous oxalate is precipitated ; the precipitate is almost insoluble 
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in water ; insoluble in an excess of oxalic acid ; sparingly soluble in hydrochloric 
acid ; but appreciably soluble in ammonium oxalate. A soluble double salt is 
formed with potassium sulphate ; no precipitation occurs with sodium thiosulphate. 
White amorphous yttrium fluoride is precipitated by hydrofluoric add ,* and the 
precipitate becomes pulverulent when warmed. It is insoluble in water and in 
hydrofluoric acid. With hydrogen peroxide in alkaline soln., an unstable peroxide 
is precipitated. A soln. of turmeric does not change colour. With iodic add, 
no precipitate is formed in nitric acid soln. ; and with sodium hypophosphate no 
precipitation occurs in soln. strongly acidified with hydrochloric acid. W. Kettembeil 
could not make yttrium amakjam by electrolyzing an aq. soln. of a salt of yttrium 
using a mercury cathode. 

file atomic weight o! yttrium.— The individuality of yttrium is now considered 
to be definitely settled, and the high frequency spectrum fits the assumption that 
its atomic number is 39. In J. J. Berzelius’ 4 at. wt. tables of old, yttrium appeared 
as 96*4 calculated for the tervalent element. In 1860, N. J. Berlin also gave 89*55. 
0. Popp analyzed yttrium sulphate, and from the ratio Y 2 (S0 4 ) 8 : 3BaS0 4 calculated 
102*3 ; and from the ratio Y 2 (S0 4 ) 3 : Y 2 0 3 obtained 102*0. M. Delafontaine for 
the same ratio obtained in 1865, 91*1 and 87*8. J. F. Bahr and R. Bunsen cal- 
culated 92*63 from the ratio 92 63 ; P. T. Cleve and 0. Hoglund (1873) obtained 
89*57 ; P. T. Cleve (1883), 89*11 ; J. C. G. de Majignac, 88*95 ; H. C. Jones, 88*96 ; 

G. and E. Urbain, 88*6. R. J. Meyer and J. Wuorinen, 88*6 ; and R. J. Meyer 
and M. Weinheber, 88*71 to 88*76— -average, 88*7. W. Feit and C. Przibylla, 
from the ratio Y 2 0 3 : 3H 2 S0 4 , obtained 89*40. In 1913, J. E. Egan and C. W. Balke 
objected to the sulphate method because the value obtained varies with the time 
and temp, of the ignition of the yttrium oxide ; and the octohydrate is too unstable 
for accurate work ; they determined the ratio Y 2 0 3 : 2YC1 3 , and obtained 90*12 ; 
and B. S. Hopkins and C. W. Balke, 88*9. The values deviated from 88*80 to 
89*06. H. C. Fogg and C. James obtained 89*03 from the ratio YC1 3 *. 3Ag ; and 

H. C. Kremers and B, S. Hopkins, 89*33. The International table for 1921 gives 
88*7 as the best representative value for the at. wt. of yttrium. This number is 
probably rather low. F. W. Aston observed no isotopes by the positive ray analysis. 

Yttrium forms white basic yttria or yttrium oxide, Y 2 0 3 , by the ignition of the 
hydroxide, oxalate, or nitrate. A. Duboin 5 prepared it in a crystalline form by 
fusing the oxide with calcium chloride. Yttria, said C. G. Mosander, is a colourless 
earth which is milk-white after ignition ; but when not quite free from other earths 
it niay have a yellowish colour. P. T. Cleve gave 5*028 for the sp. gr. ; I*. F. Nilson, 
5*046 ; S. M. Tanatar and I. Voljansky, 5*326 ; and W. Muthmann and C, R. Bohm, 
4*84. R. J. Meyer and J. Wuorinen gave 4*48 at 15°, and they suggested that the 
yttria used previously was impure. L. F. Nilson, and O. Pettersson said the sp. ht. 
is 0*1026 between 0° and 100° ; and S. M. Tanatar and I. Yoljansky gave 0*11729. 
W. R. Mott gave 4300° for the b.p. of yttrium oxide at 760 mm. ; O. Ruff and co- 
workers gave 2410° to 2415° for the m.p. of yttria, and they found a vigorous vaporiza- 
tion occurs at 2350° and 15 mm. press. Yttria is feebly diamagnetic. The magnetic 
susceptibility of yttrium oxide was found by E. H. Williams to fall slightly from 
20° to —140°. The value is less than 1 X 10” 6 , and the experimental error large. 
E. Wedekind and P. Hausknecht found the at. magnetism of yttrium oxide to be 
+8*7 XlO -6 . R. J. Meyer end J. Wuorinen gave for the magnetic susceptibility, 
—0*14 x 10"* units. H. von Wartenberg and co-workers found yttria to be reduced 
by hydrogen at about 2000° if another metal be present— e.g. tungsten. P. T. Cleve 
found that yttria readily absorbs ammonia from the air ; and it is a strong base 
capable of expelling ammonia from ammonium salts. When heated with cone, 
acids, said ,C. G. Mosander, yttria becomes hot and dissolves, but not so quickly as 
in dil. acids. It dissolves rapidly in hot acids. Its neutral sols taste sweet at nrst, 
knd afterwards astringent. W. W. Coblentz found that yttrium oxide had a deep 
red colour at temp, between 900° and 1000°. The ultra-red emission spectrum has 
maxima at 2p, 2*76/1, 3/x, 3*6/x, 4*6/i, and 6*9/*. The reflecting power for light of 



THE RARE EARTHS 


681 


wave length A=0*60fi is 73 8 per cent. ; for X—ii^, 34*4 per cent. ; for A«8*8ji, 
11*1 per cent. ; and for A==24 /*, 10 per cent. P. T, Cleve obtained yttrium hydroxide, 
Y(OH) 8 , as a white gelatinous precipitate by adding ammonia or alkali hydroxide 
to a soln. of an yttrium salt. It dries to a white powder which absorbs carbon 
dioxide from the air. B. Szilard described colloidal yttrium hydroxide— wide 
thorium hydroxide. J. Bohm and H. Niclassen studied the X-radiograms of the 
sol and gel of the hydroxide. A. B. Schiotz found the oxide dissolves in formic 
acid, and is precipitated from this soln. by acetic acid. If an yttrium salt is 
precipitated by ammonia in the presence of hydrogen peroxide, hydrated yttrium 
peroxide, Y 4 09.nH 2 0, is produced. 

P. T. Cleve prepared hemihydrated yttrium fluoride, YF3.JH2O, as a white 
gelatinous precipitate, by adding hydrofluoric acid, or an alkali fluoride to a soln. 
of an yttrium salt. H. Moissan and A. fitard prepared the anhydrous salt by the 
action of fluorine on the carbide. Yttrium fluoride occurs in nature as yttrocerite 
(q.v.). C. G. Mosander prepared a radiating mass of crystals, of yttrium chloride, 
which, according to P. T. Cleve, are hexagonal prismatic crystals of the hexnhydrate, 
YC1 s .6H 2 0, and are obtained by slowly concentrating the aq. soln. These 
crystals deliquesce in air and are readily soluble in water and in alcohol, but not 
in^ ether. According to C. A. Matignon, a mol of the salt loses five mols of water 
at 110°, forming the monohydrate, YC1 3 .H 2 0, which melts between 156° to 160°; 
the anhydrous salt is formed at 170°— 180°, but owing to hydrolysis, some oxide 
is formed at the same time. P. T. Cleve made the anhydrous salt by heating an 
intimate mixture of ammonium chloride and the hexahydrate ; C. A. Matignon, by 
evaporating a soln. of the oxide in hydrochloric acid to dryness, and heating the 
product in a mixture of hydrogen chloride and sulphur chloride ; A. Duboin, by 
heating the oxide in a mixture of carbon dioxide and chlorine; F. V. Radominsky, 
by heating the hexahydrate in a stream of hydrogen chloride ; and H. Moissan 
and A. fitard, and O. Pettersson, by heating the carbide in a stream of hydrogen 
chloride. H. C. Kremers and B. S. Hopkins, and H. C. Fogg and C. James have 
discussed the preparation of the pure salt. o 

According to C. A. Matignon, the sp. gr. of the anhydrous salt is 2 80 at 18 , 
it melts below 686°, and solidifies to shining white leaflets which volatilize at a 
high temp. W. W. Coblentz studied the ultra-red transmission spectrum. He also 
found that the heat of soln. of anhydrous yttrium chloride in water is 45*3 Cals., 
and that the aq. soln. is neutral to methyl orange. Further, the anhydrous salt is 
very soluble in alcohol, and pyridine : 100 grms. of alcohol at 15° dissolve 60*1 grfns. 
of the chloride, and the soln. deposits crystals of the complex YC^.CjjHjOll ; and 
100 grms. of pyridine at 10° dissolve 60‘6 grms. of the chloride and the soln. fvrnishes 
crystals of an addition compound, YCI3.3C5H5N. G. A. Barbieri and F. Calzolari 
obtained crystals of an addition compound, YC1 3 ,2C 6 H2 2 N4.11H 2 0, with boxa- 
methylenetctrami ne . P. T. Cleve, and L. F. Nilson prepared chloroaurates, chloro- 
platinites, and chloroplati nates. O. Popp prepared enneahydrated motourio 
yttrium chloride, YCl3.3HgCl 2 .9H 2 0, from a soln. of the component salts. The 
deliquescent salt is easily soluble in water and alkalies. 

According to P. T. Cleve, enneahydrated yttrium bromide, YBr 3 .9H 2 0, crystal- 
lizes from an aq. soln. of the salt in deliquescent crystals easily soluble in water. 
A. Duboin made the anhydrous bromide, YBr 3 , by heating yttria in a mixture 
of bromine vapour and carbon dioxide ; the crystals are said to be very deliq uesce nt, 
and very fusible. P. T. Cleve similarly made deliquescent crystals of yttrium 
iodide, which are readily soluble in water and in alcohol. . 

P. T. Cleve made yttrium sulphide, YgSs, by heating the anhydrous chloride w 
a stream of hydrogen sulphide ; and Oi Popp, by melting the oxide with sulphur 
and sodium carbonate ; or by heating the oxide in a stream of carbon disulphide. 
The yellow powder of the sulphide is decomposed by water. A. Duboin made 
sodium yttrium sulphide, Na^.Y^, or NaYS* in greenish leaflets, by passing 
hydrogen sulphide over a heated mixture of yttrium oxide and sodium sulphide. 
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C. G. Mosander found that yttrium sulphate crystallizes from its aq. soln. in 
small, compact, colourless prisms ; the salt retains its water of crystallization at 80°. 
The crystals arc octohydrated, Y 2 (S0 4 ) 3 .8H 2 0 ; and, according to C. F. Rammels- 
berg, and E. H. Kraus, they form monoclinic prisms isomorphous with the corre- 
sponding salts of erbium, gadolinium, samarium, praseodymium, and neodymium ; 
the axial ratios are a : b : c=3'0284 : 1 : 2 0092, and j3— 118° 25'. H. Topsoe gave 
2'530 for the sp. gr., and E. H. Kraus, 2 558. According to the last-named, the 
double refraction is positive, and the indices of refraction for Na-light are a= 1*5433, 
j3= 1*5490, and y— 1-5755. When the octohydrate is heated, it furnishes the 
anhydrous sulphate, Y 2 (S0 4 ) 3 , which, according to L. F. Nilson and co-workers, 
has a sp. gr. 2*52, and sp. ht. 0T3I9. E. Lowenstein measured the vap. press, of the 
hydrated sulphates and found evidence of the octohydrate only. E. Wedekind 
and P. Hausknecht found the mol. magnetism of yttrium sulphate to be —S’? x KT 6 . 
Both the anhydrous salt and the octohydrate are very soluble in cold water. 
J. Thomsen gave for the heat of soln. Y 2 (S0 4 ) 3 -f 8‘04H 2 O, 1068 Cals. F. Wirth 
found the solubility of the octohydrate is 5‘02 grms. of the anhydrous sulphate in 
100 grms. of soln. at 25° ; or 100 parts of cold water dissolve 9 3 grms. of the octo- 
hydrate, and 4-6 grms. at 100°. According to 0. Brill, yttrium dioxysulphate, 
Y 2 0 2 (S0 4 ), is formed when the anhydrous sulphate is heated to 700°. P. T. Cleve 
found that Y 4 0 5 (S0 4 ).10H 2 0 is formed by a partial precipitation of a soln. of fhe 
Sulphate by dil. ammonia ; but whether this is a chemical individual has not 
been demonstrated. B. Brauner and A. Picek made yttrium hydrosulphate, 
Y(HS0 4 ) 8 , by crystallization from a soln. of the anhydrous sulphate in cone, sulphuric 
acid. P. T. Cleve prepared a white, amorphous, pulverulent sodium yttrium 
sulphate, Na 2 S0 4 .Y 2 (S0 4 )3.2H20, easily soluble in water. According to C. James 
and H. C. Holden, equilibrium in the ternary system, Na 2 S0 4 --Y 2 (S0 4 ) 3 — H 2 0, at 
25°, is attained very slowly — to be exact, 14 months. The relative solubilities, 
expressed in grams of anhydrous salts per 100 grms. of water, are : 

Na,S0 4 . . 1-29 3 85 8*53 7 57 10-14 14-89 21-05 28 13 

y i(S0 4 ) 3 . 5-61 6-38 8-43 5 86 3'42 190 3 04 1-61 

Solid plmao . Y,(S0 4 ) 8 .8H a 0 Y 2 (80 4 ) 3 .Na a S0 4 .2H a 0 

Hence, Fig. 25, the addition of sodium sulphate increases the solubility of yttrium 
sulphate up to a maximum ; the solubility then diminishes rapidly and at the same 

time the solid phase changes from octo- 
hydrated yttrium sulphate to the double salt. 
P. T. Cleve obtained crystals of potassium 
yttrium sulphate, Y 2 (S0 4 ) 3 .4K 2 S0 4 , by 
crystallization from a soln. of one mol of 
yttrium sulphate and three inols of potassium 
sulphate ; the mother liquid furnished 
P. T. Cleve and O. Hoglund with needle-like 
crystals of Y 2 (S0 4 ) 3 .3K 2 S0 4 . 100 c.c. of a 

cold sat. soln. of potassium sulphate dissolve 
4 865 grms. of Y 2 0 3 as sulphate. P. T. Cleve 
also prepared small tabular crystals of 
ammonium yttrium sulphate, 2(NH 4 ) 2 S0 4 .Y 2 (S0 4 ) 3 .9H 2 0 ; it loses four mols of 
water when confined over sulphuric acid. R. J. Meyer and U. Mtiller made 
crystals of yttrium hydrazine sulphate, Y 2 (S0 4 ) 3 .(N 2 H 6 ) 2 S0 4 .3H 2 0, by evaporating 
a soln. of the mixed sulphates. The salt is very soluble in water. 

P. T. Cleve passed carbon dioxide into a soln. of yttrium hydroxide in one 
of sodium carbonate, and obtained white pulverulent yttrium carbonate, 
Y 2 (C 03 ) 3 ,ilH 2 0 ; he obtained the same salt by adding an alkali carbonate to a soln. 
* of an yttrium salt ; the precipitate gradually crystallizes. O. Popp found that in 
this process the precipitate retains much sodium carbonate. P. T. Cleve and 
0. Htiglund say that yttrium carbonate is insoluble in water, and very sparingly 



Fiq. 25. — The Ternary System, 
Y |(S0 4 )j — Na t S0 4 •- H,0, at 25*. 
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soluble in carbonic acid ; it loses a mol of water at 100°, and all is lost at 130°. 
W. H. Evans reported that yttrium carbonate acts unfavourably on the growth of 
plants. P. H. M. P. Brinton and C. James found that the percentage hydrolysis of 
yttrium carbonate — the ratio of the amount of carbon dioxide expelled by boiling to 
the total carbon dioxide originally present in the system — is after boiling with 
water for different periods of time : 

Hours boiling * . .0-5 1*0 15 2 0 2 5 3*0 

Hydrolysis .... 44*9 48*5 5 1 0 52*8 54 0 55*1 


According to P. T. Cleve, yttrium carbonate is soluble in an excess of sodium 
carbonate, and, when the soln. is allowed to crystallize, needlc-like crystals of 
sodium yttrium carbonate, Na 2 C03.Y 2 (C0 3 ) 3 .4Ho0, are formed; the same 
salt is formed as a voluminous precipitate when sodium carbonate is digested with 
an aq. soln. of yttrium chloride. The precipitate slowly crystallizes. A soln. of 
yttrium carbonate in one of ammonium carbonate likewise furnishes ammonium 
yttrium carbonate, (NH4) 2 C0 3 .Y 2 (C0 3 ) 3 .2H 2 0 ; it is also obtained by adding a soln. 
of yttrium nitrate to an excess of a soln. of ammonium carbonate. 

0. G. Mosander found that the crystallization of a soln. of yttrium nitrate 
furnishes a mass of laminated crystals. 1\ T, Cleve and 0. Hdglund evaporated the 
soln. over sulphuric acid, and obtained the hexahydrate, Y(N0 3 ) 3 .6H 2 0, in crystals 
which, according to F. Zambonini, belong to the triclinic system. According 
V. von Lang and L. Haitinger, the crystals are strongly doubly refracting, triclinic 
pinacoids, isomorphous with the gadolinium salt ; and isodimorphous with bismuth 
nitrate. P. T. Cleve and O. Hdglund found the crystals are deliquescent in moist 
air ; and they lose three mols. of water at 100° or over cone, sulphuric acid, forming 
the trihydrate, Y(N0 3 ) 3 .3H 2 0. E. Lowensteiu measured the vap. press, of yttrium 
nitrate crystals and found evidence of the hexa-, penta-, and tri-hydrates. The 
trihydrate, according to E. Demaryay, crystallizes from cone, nitric acid. P. T. Cleve 
and 0. Hdglund found the hexahydrate* to be readily soluble in water, alcohol, and 
ether. S. M. Tanatar and I. Voljansky also reported a dihydrate, Y(N0 3 ) 3 .2H 2 0. 
F. Zambonini obtained a series of mixed crystals of calcium nitrate, Ca(N0 3 ) 2 .4H 2 0, 
and up to 219 per cent, of yttrium nitrate, Y(N0 3 ) 3 .6II 2 0 ; and also between 
strontium nitrate, Sr(N0 3 ) 2 .4H 2 0, and up 
to 0*86 per cent, of yttrium nitrate. Ac- 
cording to J. F. Bahr and R. Bunsen, a 
basic nitrate is formed when yttrium nitrate 
is heated until red nitrous fumes appear ; 
and the residue passes into yttria at a 
still higher temp. When the basic nitrate 
is boiled with the smallest possible amount 
of water and allowed to cool, the hydrated 
salt Y(N0 3 ) 3 .Y(0H) 3 .3H 2 0 appears. Ac- 
cording to C. James and L. A. Pratt, the 
only basic nitrate stable at 25° in aq. 
soln. is yttrium oxynitrate, Y(NO 3 ) 3 .YO(NO 3 ).10H 2 O, or 3Y 2 0 3 .4N 2 0 5 .20H 2 0. 
C. James and L. A. Pratt studied the ternary system, Y(N0 3 ) 3 -Y(0H) 3 ~-H 2 0, 
and, expressing the cone, of the compounds in grams per 100 c.c. of water at 25 , 
they found : 



Fia. 26. — The Ternary System, 
Y 2 Oj— N jOfi— H a O, at 25°. 


Y(NOj,)j 

Y,°, 

Sp. gr. 


Solid phase . 


3*13 13*S7 3302 44*35 89*06 137*10 141*6 

0*014 0*034 0*160 0*114 0*074 0 083 0 

1 0260 1*1106 1*2517 1*3268 1*5587 1*744 0 1*744 

3y,(V4N t 0 5 .2H,0 • Y(irO t ), 


The results are plotted in Fig. 26. This salt is stable in air, and in the presence of a * 
soln. of yttrium nitrate containing one-fourth of its weight or more of anhydrous 
nitrate. It is not affected by absolute alcohol, but is decomposed by water. 
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The mineral xenotime (q. v.) is yttrium orthophosphate, YP0 4 ; and wei n . 
schenkite (q.v.) is another, (Y, Er, .. . .)P0 4 .2H 2 0. According to P. T. Ckve 
when an ammoniacal soln. of ammonium orthophosphate, or phosphoric acid is 
added to a sola, of yttrium nitrate, the dihydrate, YP0 4 .2H 2 0 , is precipitated. 
F. V. Radominsky obtained crystals of the amorphous phosphate, artificial xenotime, 
by melting the precipitated phosphate with ten times its weight of yttrium chloride, 
and washing with water and acetic acid. F. Zambonini made crystals of yttrium 
apatite by fusing and slowly cooling a mixture of calcium orthophosphate and 
chloride, and yttrium orthophosphate. The crystals contained up to 6 per cent. 
YP0 4 . P. T. Cleve found that if disodium hydrophosphate is added to a soln. of an 
yttrium salt, amorphous yttrium hydrophosphate, Y 2 (HP0 4 ) 3 , is precipitated. 
According to W. Wartha, xenotime is sparingly soluble in cone, hydrochloric acid, 
but if it has been previously heated with a little cone, acid, dissolution readily occurs. 
K. R. Johnson obtained microscopic six-sided plates of yttrium pyrophosph&to, 
2Y 2 0 8 .3P 2 05, or Y 4 (P 2 07)3, by melting orthophosphoric acid with yttrium sulphate. 
The salt fuses with difficulty, its sp. gr. is 3*059, and it is insoluble in acids. 
P. T. Cleve made yttrium hydropyrophosphate, Y2(H 2 P 2 07) 3 .7H 2 0, in crystal 
aggregates, from a soln. of yttria in pyrophosphoric acid. The salt loses six mols of 
water over cone, sulphuric acid ; and it does not fuse at a red heat. K. A. Wallroth 
heated yttria with microcosmic salt, and obtained sodium yttrium pyrophosphate, 
SaYP 2 07. By melting the amorphous phosphate with sodium or potassium 
ortho- or pyro-phosphate, A. Duboin obtained crystals of salts with the com- 
position K 2 0.Y 2 0 3 .2P 2 0 5 ; 3K 2 0.Y 2 0 3 .2P 2 0 6 ; 3K 2 0.5Y 2 0 3 .6P 2 0 6 ; and 

3Na 2 0.Y 2 0 3 .2P 2 05. P. T. Cleve evaporated to dryness a soln. of yttrium nitrate 
with an excess of orthophosphoric acid ; and extracted the calcined mass with 
water. The resulting white crystalline yttrium metaphosphate, Y(P0 3 ) 3 , was 
insoluble in water and acids. 
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§ 21. The Terbium Family oi Rare Earths 

The terbium family of rare earths is arbitrarily taken to include the three elements, 
europium, Eu ; gadolinium, Gd; and terbium, Tb. The general characters 
resemble those of the cerium family. The members of this family decrease in 
basicity in the order : . . Sa, Eu, Gd, Tb, By, . . ., so that the cerium family 
merges into the terbium family, and the latter into the yttrium family. There are 
no sharp lines of demarcation between these three families. The elements are all 
tervalent and yield colourless oxides of the type R 2 O 3 , although terbium alone fur- 
nishes what is considered to bo a higher oxide, Tb 4 0 7 . The terbium elements yield 
salts of the type RX 3 , where X represents a univalent acidic radicle ; europium alone 
gives rise to salts of the type EuX 2 , corresponding with the unknown oxide, 
EuO, where europium is bivalent. Samarium is the only other rare earth element 
which acts as a dyad, and it forms halides of the type SaX 2 . Soln. of the salts of 
terbium and europium exhibit a weak absorption spectra in the visible region ; 
where soln. of terbium salts give an absorption spectrum only in the ultra-violet 
region. The salts of terbium are generally less soluble than those of gadolinium. 
The solubility of the double potassium or sodium sulphates is rather greater than is 
the case with the cerium family, and less than with the yttrium family. 

• The history and occurrence have already been discussed. The terbia earths are 
found in small amounts in the majority of the ceria and yttria minerals. They are 
usually extracted from gadolinite, xenotime, and samarskite, because these minerals 
are readily obtained, and contain a larger proportion of the terbia earths than 
other minerals. Probably europium is the most sparsely distributed and gadolinium 
the moat plentiful of these elements, but in any case the actual proportion of these 
elements in any given mineral is very small. G. Urbain and H. Lacombe 1 say that 
monazite does not contain more than 0'002 per cent, of europia. The occurrence of 
these elemonts in the sun has been previously considered. 

The isolation of the terbium earths— As previously indicated, the terbium 
earths can be separated from the cerium and yttrium earths by fractional crystal- 
lization of the double alkali sulphates, but the separation is not clean since a large 
proportion crystallizes with the cerium earths, and remains in soln. with the yttrium 
earths. The fractional crystallization of the ethylsulphateB with alcohol or water 
as solvent enables the terbia earths to be isolated fairly quickly, the cerium ethyl- 
sulphates crystallize first, and the yttrium sulphates last. The fractional crystalliza- 
tion of the formates from aq. formic acid also enables a separation to be made, 
although there is a loss since some of the terbia earths accompany the yttria earths 
and are not separable by the formate process. The general scheme for the isolation 
of the rare earths, previously discussed, provides for the isolation of the members 
of this family of earths. 

The isolation Of europia. — E. Demarjay 2 noted that in the fractional crystal- 
lization of a mixture of rare earths rich in samaria and gadolinia from cone, nitric 
acid, there appeared a new nitrate with a solubility greater than that of gadolinium 
and less than that of samarium. The element was found to have a characteristic 
speotrum ; and he named it provisionally E. A year later he named it europium, 
and found that the crystallization of the double magnesium nitrate gave a more 
rapid separation. Before E. Demar$ay’s work, L. de Boisbaudran had noted 
some spectral lines in some samarium preparations which were attributed to elements 
Z, and Z { , and which were afterwards found by E. Dema^ay to coincide with those 
given by europium ; similarly, in 1885, W. Crookes noted a red band, A=6090, 
in the phosphorescent speotrum of a preparation obtained by fractionating yttria 
earth. The band was sometimes nebulous, sometimes clear and sharp, and almost 
as narrow as a spark line. W. Crookes called it the anomalous line , and he con- 
sidered it to be produced only when samaria and yttria are simultaneously present ; 
soon afterwards, W. Crookes attributed the line to a new element which he called 
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8^ This element was afterwards shown by E. Demar$ay to have the same spectrum 
as europium. G. Urbain and H. Lacombe found that bismuth magnesium nitrate 
furnishes crystals which were isomorphous with the corresponding salts of samarium 
and europium, and were intermediate in solubility ; and with the bismuth salt as 
Vilkmeid separaleur, it was found possible to separate europium from samarium 
and gadolinium. C. James and J. E. Robinson obtained europium from monazito 
residues by the following process : 

The crude oxides were dissolved in cone, nitric acid, taking care that the soln. did not 
become alkaline. An oq. amount of nitrio acid was similarly treated with magnesium 
oxide. The two soln. were mixed, and evaporated until half the solute crystallized out on 
cooling. The mother liquid was poured off and evaporated further for crystallization. The 
double nitrates which separated were recrystallized three times, and then set aside. When 
the mother liquors began to crystallize badly, they were treated with oxalic oeid, and the 
washed oxalates were ignited. The resulting mixture of oxides of lanthanum, cerium, 
praseodymium, neodymium, samarium, gadolinium, yttrium, etc., were again converted into 
double magnesium nitrates and recrystallized from 30 {>er cent, nitric acid. The cerium, 
lanthanum, praseodymium, and neodymium rapidly collected in the least soluble portion ; 
the intermediate fraction contained the pale yellow samarium salts ; and the most soluble 
portion contained gadolinium, erbium, and yttrium salts. As soon as crystals of yttrium 
nitrate appoarod in the most soluble fractions, bismuth magnesium nitrate was introduced 
and all traces of samarium and europium were soon separated. The samarium was removed* 
by fractionation, from the corium, lanthanum, praseodymium, and neodymium fraction. 
The samarium-gadolinium fractions were then recrystallized. The blue europium absorp- 
tion band appeared in the fractions of the gadolinium next to the samarium ; ar\d the blue 
europium band gradually l>ecame stronger in the fractions between samarium and gado- 
linium. Later, tho two green europium bands appeared. -The fractions showing no 
europium absorption spectrum wore removed. The fractions containing bismuth mag- 
nesium nitrate were mixed according to their absorption spectra, diluted, and treated with 
hydrogen sulphide. Tho filtrates containing europium were treated with oxalic acid ; 
and the europium oxalate collected and washed. Tho oxalate from each filtrate was 
ignited, dissolved in nitric acid, and tho soln. examined spectroscopically. Tho soln. of 
europium nearest to tho samarium fraction were still contaminated with that element. The 
europium material was again converted to the double magnesium nitrate, and fractionally 
crystallized with bismuth magnesium nitrate until free from samarium. Tho bismuth 
was then removed with hydrogen sulphide, and the europium oxalate precipitated as 
before. 

The isolation of gadolinia. — J. 0. G. de Marignac 3 announced the discovery 
of a new earth in samarskite which he designated Y tt . The impure earth was obtained 
by fractional precipitation with potassium sulphate. L. de Boisbaudran applied 
the term gadolinium to the new clement which he obtained by the fractional 
decomposition of the nitrates, and also by fractional precipitation with ammonia. 
A. Bettendorff separated gadolinium from orthite. C. Benedicks obtained gadolinia 
by the fractional crystallization of the simple nitrates from nitric acid, and also by 
fractional precipitation with ammonia. E. Demarfay fractionally crystallized the 
double magnesium nitrates ; and R. Marc fractionally crystallized the double 
potassium sulphates. G. Urbain and H. Lacombe used bismuth magnesium nitrate 
in conjunction with E. Demaryay’s process, and later purified the material by 
recrystallization of the double nickel nitrates from cone, nitric acid. According 
to L. Jordan and B. S. Hopkins, the dimethyl phosphate fractionation very rapidly 
and completely concentrated the europium and samarium and removed them from 
the gadolinium. The greater part of the terbium was separated in the insoluble 
fractions of the series. The method did not remove the last traces of terbium which 
still coloured the gadolinium oxide a light yellow-brown. Gadolinium oxide of con- 
siderable purity was obtained from the middle fractions of this series. Gadolinium 
material giving an oxide coloured orange-brown by terbium was fractionated as the 
bromate in the presence of neodymium. The method was more tedious than the 
dimethyl phosphate method, but almost completely removed even the last traces of 
terbium from the gadolinium and furnished a light cream, almost colourless, oxide.* 
This oxide still contained a small quantity of neodymium and samarium. The 
first method studied would seem to be au effective method for removing these 
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earths. C. C. Kiess and co-workers, and R. J. Meyer and U. Miiller have also 
discussed this subject. 

The isolation of terbia.— In 1842, C. G. Mosander 4 first obtained what he called 
erbium from some yttria earths, but several chemists— wife the history of the rare 
earths— failed to obtain C. G. Mosander’s orange-yellow erbia, and in consequence 
the term caihe to be applied to an earth which gave a rose-red oxide. In 1887, 
M. Delafontaine succeeded in getting C. G. Mosander’s erbia from samarskite, and 
since the term was now generally applied to another earth, M. Delafontaine and 
C. G. Mosander’s erbia was called terbia. J. C. G. de Marignac, and P. T. Cleve 
confirmed the existence of orange-yellow terbia. L. de Boisbaudran concluded that 
there were four terbia earths, which he designated Z a , Z fi , Z y) and Z*. K. A. Hof- 
mann and G. Krtiss found that what was regarded as terbia could not be resolved 
by the fractionation of the double sulphates or formates, but could be resolved in 
aniline hydrochloride. R. Marc, E. Portratz, and W. Feit made some observations on 
this subject. G. Urbain found that a soln. of terbium oxide which he prepared gave 
the absorption spectrum of Z$, the inverse spectrum of the spark spectrum of 
E. Demarcay’s element F, and the phosphorescent spectrum of one of W. Crookes’ 
ionium, incognitum, and his G s . C. A. von Welsbach fractioned the double oxalates 
of the yttria earths, and claimed to have split terbium into three elements, but 
neither G. Urbain nor C. James and D. W. Bissel could confirm this. 

The methods originally used for separating terbia gave preparations with only a 
few per cent, of that earth. These methods included the fractional decomposition 
of the nitrates ; fractional,precipitation by potassium sulphate ; fractional precipita- 
tion of the oxalates from a nitric acid soln. ; and the fractional precipitation of the 
formates. L. de Boisbaudran recommended fractional precipitation by ammonia, 
but G. Urbain said the process is very tedious, and recommended the fractional 
crystallization of the double nitrates of these earths and nickel ; the fractional 
crystallization of the simple nitrates in the presence of bismuth nitrate ; and the 
fractional crystallization of the ethylsulphates. C. James and D. W. Bissel used the 
bromate process : 

The fraction, mainly containing the gadolinium, terbium, dysprosium, and holmium 
oxides, was warmed with bromio acid ; and the resulting bromates fractionally crystallized. 
The order of decreasing solubility is : La, Ce, Pr, Nd, Sa, and Eu ; and the solubility then 
increases in the order Eu, Qd, Tb, Dy, Ho, Y, Er, Tm, Yb, Lu, and Sc. The whole of the 
terbium and most of the holmium and dysprosium soon collected in the most soluble 
portions. As the work proceeded, some europium collected in the least soluble portion as 
shoVn by the blue absorption band of the soln. The gadolinium collected in the least 
soluble portion and gave a white oxide. Gadolinium bromate was removed as soon as it 
gave a wliite oxide ; and the more soluble fractions as soon as they gave a buff-coloured 
oxide. The fractions which gave the darkest coloured oxides gave the absorption band 
of terbium alone ; the more soluble portions of the fractions giving the terbium band 
also gave absorption bands of dysprosium ; and the less soluble portions, the absorption 
bands of neodymium. As large amounts of gadolinium bromate were, however, rapidly 
removed from one end, and fair quantities of the bromates of erbium, yttrium, holmium, and 
dysprosium from the other, the bulk of material undergoing fractionation quickly decreased. 
The whole of the erbium was removed in the most soluble portion after a few crystalliza- 
tions. This was followed by yttrium and holmium with some dysprosium. Finally, the 
holmium bands became very faint, and later dysprosium, with a little terbium, formed the 
most soluble fractions of the Beries. The crystallization of the chlorides from hydrochloric 
aoid was used in the endeavour to separate small amounts of terbium from dysprosium. 
The ohlorides formed very nice crystals, and the mother liquor could easily be drained off. 
The rate of fractionation seemed to be about the same as in the case of the nitrates. The 
oxide from the least soluble portion was darker than that from the most soluble. This 
showed that terbium ohloride like terbium nitrate passed into the least soluble fractions. 

The metals of the terbium family have not been isolated. Tbe spark spectrum 
of dysprosium has been investigated by E. Demarpay, 6 C. Benedicks, J. M. Eder and 
, E. Valenta, W. Crookes, G. Urbain, F. Exner and E. Haschek, etc. ; and the aro 
Spectrum by 7. Exner and E. Haschek, G. Eberhard, J. Lunt, and J. M. Eder and 
E. Valenta. The most prominent lines in the arc spectra have the wave-lengths : 
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3688-57, 3725-10, 3819*80, 3907 28, 3930*66, 3972*16, 4129*90, 4205*20, 4435*75, 
4522*76, 4594*27, 4627-47, 4662*10, 6645*44. The spark spectrum of gadolinium® 
has been measured by C. Benedicks, E. Demar^ay, L. de Boisbaudran, F. Exner and 
E. Haschek, G. Urbain, W. Crookes, J. M. Eder, E. Baur and R. Marc, etc. The arc 
spectrum of gadolinium is very rich in lines which have been measured by F. Exner 
and E. Haschek, C. C. Kiess, G. Eberhard, and J. M. Eder and E. Valenta. The 
more prominent lines in the arc-spectrum characteristic of gadolinium have the 
wave-lengths: 3082*15, 3100*66, 3422*62, 3545*94, 3549*52, 3585*12, 3646*36, 
3671*39, 3719*63, 3743*68, 3768*60, 3796*62, 3814*18, 3852*65, 3916*70, 4037*49, 

4050*05, 4063*62, 4070*51, 4073*99, 4085*73, 4098*80, 4130*59, 4184*48, 4251*90, 

4262*24, 4325*83, 4327*29, 4342*35, 6114*26. W. M. Hicks, and E. Paulson have 
sought for regularities in the spectral lines of gadolinium. The spark spectrum 
of terbium 7 has been measured by E. Demar^ay, G. Urbain, etc.; and the arc 
spectrum by G. Eberhard, J. M. Eder and E. Valenta, F. Exner and E. Haschek, etc. 
The more prominent lines in the arc spectrum of terbium have the wave-lengths : 
3324*53, 3509*34, 3531*86, 3561*90, 3568*69, 3600*60, 3628*53, 3650*60, 3659*02, 

3704*10, 3711*91, 3848*90, 3874*33, 3899*34, 3925*60, 3939*75, 3977*01, 3982*07, 

4005*70, 4012-99, 4278*70, 4752*69. 

The reversion spectrum of europium was studied by E. Dcmar^ay, 8 G. Urbain, 
and L. de Boisbaudran. There is a red phosphorescence, and a dil. acid soln. gives 
two bands, one between A=6160 and A— -61 10 with a maximum at A— 6125, and the 
other between A=5970 and A=5920 with a maximum at A=5890. L. de Boia- 
baudran, and G. Urbain also found that terbium gives a green phosphorescence, and 
the chloride soln. shows four bands with maxima respectively at A— 6205, 5858, 
5432, and 4870. 

G. Urbain 9 found that purified curopia gives no cathodic phosphorescent 
spectrum, but if a trace of calcium sulphide or oxide be present, or if traces of other 
earths are present, the luminescent spectrum is very intense ; it has been studied 
by W. Crookes, G. Urbain, and E. Dema^ay. Gadolinia when pure gives no 
cathodic luminescent spectrum, but if slightly impure it gives a green phosphor- 
escence whose spectrum has been studied by G. Urbain, and W. Crookes. Terbia 
also gives no luminescent spectrum if purified, but if a trace of alumina is present, 
it gives a white fluorescence. The green fluorescence of terbium chloride in the 
cathode rays was studied by G. Urbain. The high frequency or X-ray spectra of 
europium, gadolinium, and terbium were studied by H. G. J, Moseley, E. Friman, 
D. Coster and co-workers, and E. Hjalmar. * 

Neutral soln. of europium chloride are rose-coloured, and the absorption 
spectrum has been studied by G. Urbain, 10 W. Prandtl, L. F. Ynteiqa, and 
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E. Demarcay. The bands iu the visible part of the spectrum are narrow and 
faint. There are maxima for A = 5913, 5882, 5790, 5337, 5251, 5234, 4656, 
4645, 4000, 3950, 3853, 3836, 3800, 3760, 3746, 3663, 3615, 3207, 3192, 3178, 
3168, and 2983 ; with a soln. of europium nitrate, Fig. 27, a band 5913 replaces 
5913 and 5882 of the chloride spectrum ; 5337 gives place to 5337 ; 5250 
replaces 5251 and 5234 ; and 4660 replaces 4656 and 4645. Soln. of gadolinium 
gaits are colourless if the acid radicle is colourless. The absorption bands* of In aq. 
soln. of gadolinium chloride were studied by G. Urbain, J. L. Soret, and H. C. Jones 
and W. W. Strong ; they are all in the ultra-violet with maxima at 3794, 3697, 
3596, 3515, 3108, 3059, 3056, and 3052. H. C. Jones and W. W, Strong measured 
vol. v. 2 Y 
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the absorption spectrum of a soln. of gadolinium chloride in aq. alcohol, and found 
it very different from that in aq. soln. Sob. of terbium salts are colourless if the 
acid radicle is colourless. L. de Boisbaudran, and G. Urbain showed that with the 
exception of the feeble blue band 4880, Fig. 28, the nine absorption bands of 
terbium salt soln. are in the ultra-violet with maxima at 4880, 3787, 3694, 3592, 
3519, 3420, 3390, 3266, 3176, 3029. J. Carrera gave for the absorption coeff. for 
the K-series of X-ray spectra, Eu, 59 ‘81 ; Gd, 60*84 ; and Tb, 61*93. The E-series 
were examined by M. Siegbahn and E. Jonsson, and W. Duane and T. Shimizu ; 
and for the L-series, D. Coster, E. Hjalmar, and M. Seigbahn gave for europium 
a 2 a' =2*12733; a 1 a=2‘11633 ; 0=1*91631; j3 2 y=l*807; y 1 6=l*659 ; 
=1*598 ; 0=1*921 ; and /3 3 <p= 1*886 ; for gadolinium, a2a'=2*05264 ; c^a 
=2*04193; ]3 1 j3= 1*84246; j3 2 y=l*741; yi 8=l*58863; )3 4 v=l*848; and &,<£= 1*809; 
and for terbium, o 2 a=l*98231; 0^=1*97149; fr/3 =1 *77268 ; /3 2 y=l*67925 ; 
yi 8 =1*529 ; 17 =1*935 ; )3 6 £=i*656; y 2 0=l*474 ; ^=1*781; ^=1*74256; 
y 3 X~ 1*468 ; and y 4 0 =1*437. A. Dauvillier measured the L-series for europium 
and gadolinium. A. Dauvillier, and B. Cabrera have discussed the magnetic 
properties of these elements. 

The atomic weights of the terbium metals.— The general reactions of salts of 
the terbium earths resemble those of the yttrium salts ( q.v .). E. Demarpay 11 first 
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obtained curopia and gadolinia of a high degree of purity, but owing to the weak 
absorption spectra which they exhibited, he suggested that these earths might be 
heterogeneous. This question was further tested by G. Urbain, who fractionated the 
earths in a number of ways, and tested the extreme and intermediate fractions for 
new elements by the spark and absorption spectra, and by at. wt. methods, but 
found no evidence of the resolution of these earths into simpler components. He also 
found that europia isolated by the bismuth nitrate method from monazite is identical 
with the earth isolated by the same process from gadolinite, xenotime, and pitch- 
blende, and with europia obtained by the double magnesium nitrate process. 
Gadolinia was treated by G. Urbain in an analogous manner, and he failed to get any 
evidence of heterogeneity . The earth derived from gadolinite was identical with that 
obtained from xenotime or pitchblende. In the case of terbia, G. Urbain obtained 
no signs of complexity when the products obtained by different processes were 
compared. G. Eberhard also compared the arc spectra of these preparations, and 
concluded that there are no signs of the resolution of europia, gadolinia, or terbia into 
their components, and there are no signs of any intermediate elements in the terbium 
family. C. A. von Welsbach, however, claimed to have resolved terbia, by his 
double ammonium oxalate methods of fractionation, into Tb lf Tb 2 , and Tb 8 ; but 
C. James and D. W. Bissel were able to confirm G. Urbain’s conclusions, and not 
those of C. A, von Welsbach. The conclusion that europium, gadolinium, and ter- 
bium are well-defined elements is also in harmony with J. M. Eder’s wort on the arc 
spectra, and with H. G. J. Moseley’s work on the relation between the at. numbers 
and the frequencies of the lines in the X-ray spectra. The atomic numbers are 
Eu, 63 ; Gd, 64 ; and Tm, 65. 

J. M. Eder has examined the arc spectra of C. A. von Welsbach’* preparations of terbium, 
< and he could find no evidence of a new element between gadolinium and terbium. The spectral 
lines of F. Exner and E. Hasohek, and attributed by them to a hypothetical element, B, 
are produoed by the blending of the terbium lines with those of gadolinium of nearly the 
tame wave-length. J. M. Eder, however, affirms that the lines of the mixed fractions 
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lying between terbium and dysprosium correspond with the existenoe of a new clement, 
which is named weUium in honour of C. A. von Welsbach. The differences in the measure* 
meats of the spectral lines by J. M. Eder and by G. Eberhard are attributed to impurities 
in the latter 8 samples. 

From a comparison of the characteristics of this family of elements with those of 
the cerium family, it is assumed that the elements are tervalent. E. Demar^ay 12 
found the at. wt. of europium to be 151 from the ratio Eu 2 0 3 : Eu 2 (S0 4 ) 3 . G. Urbain 
and H. Lacombe obtained 152 00 from the ratio Eu 2 (S0 4 ) 3 .8H 2 0 : Eu 2 (S0 4 ) 3 ; 
151*93 from the ratio Eu 2 (S0 4 ) 3 : Eu 2 0 3 ; and 15194 from the ratio Eu 2 (80 4 ) 3 . 
8H 2 0 : Eu 2 0 3 . G. Jantsch also calculated 152*05 from the results obtained by 
calcining the hydrosulphate ; and W. Feit and C. Przibylla, 152*66, from the ratio 
Eu 2 0 3 : 3H 2 S0 4 . The International Table for at. wt. for 1921 gives 152 as the 
best representative value. J. C. G. de Marignac 13 gave 156*75 for the at. wt. of 
gadolinium ; and L. de Boisbaudran, 156*12. From the ratio Gd 2 0 3 : Gd 2 (S0 4 ) 3 , 
A. Bettendorff calculated 156*72 ; C. Benedicks, 156*51 ; B. Brauner, 154*78 ; 
and R. Marc, 156*46. From the ratio Gd 2 (S0 4 )3.8H 2 0 : Gd 2 0 3 , G. Urbain cal- 
culated 157*24. From the ratio Gd 2 0 3 : H 2 S0 4 , W. Feit and C. Przibylla obtained 
157*39. The International Table for 1921 gives 157 3 for the best representative 
value of the at. wt. of gadolinium. 

The early data for the at. wt. of terbium by M. Delafontaine, 14 J. L. Smith, and 
J. C. G. de Marignac are based on determinations with very impure materials. 
From the ratio Tb 2 0 3 : Tb 2 (S0 4 ) 3 , L. de Boisbaudran gave 161*4 to 163*1, and 
later, 159*0 to 159*95 ; K. A. Hofmann and G. Krttss, 148*9 to 162*2 ; R. Marc, 
151*9 to 161*2 ; W. Feit, 158*6 ; and E. A. Potratz, 154. G. Urbain obtained 159*2 
from the ratio Tb 2 (S0 4 ) 3 .8H 2 0 : 8H 2 0. The International Table for 1921 gives 
159*2 as the best representative value for the at. wt. of terbium. 
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§ 22. The Compounds ot the Terbium Earth Metals 

According to E. Demaryay, 1 and G. Urbain and H. Lacombe, the oxides of these 
earths are obtained by the ignition of the hydroxide, nitrate, sulphate, oxalate, or 
other salts of the volatile oxyacids. Europia, or europium sesquioxide, Eu 2 03 , 
is a pale pink powder. When derived from the sulphate, a very high temp, is 
•needed— say 1600° — in order to expel the last traces of the sulphur oxides ; and the 
oolour is then rather more intense than when prepared at a lower temp. According 
to W. Prandtl, europia is white with a reddish-yellow tinge, and when obtained by 
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heating the oxalate at 900°, it has the sp. gr. 7 42 at 15°/4°, and that obtained by heat- 
ing the nitrate, 6*55 at 15°/4°. White, hygroscopic gadolinia , or gadolinium sesqui- 
oxide, Gd 2 03, can be prepared by similar processes ; and, according to G. Eberhard, 
if the gadolinia contains a trace of terbia it will be tinged yellow. According to 
W. Prandtl, white gadolinia has a sp. gr. 7*407 at 15°/4°. E. H. Williams found 
the magnetic susceptibility of gadolinium oxide at 20° to be 129*7x10^; at 0°, 
138*2 xlO” 6 ; at —40°, 160 7 x 10 -6 ; at - 80°, 194*2 xl0“«; at -100°, 217 0x10^; 
at -120°, 244*6xl0-e ; and at -140°, 279*OxlO"0. E. Wedekind and P. Haus- 
knecht found the mol. magnetism to be 9850 X 10“V When terbium oxalate is ignited 
it furnishes a dark brown terbium peroxide, and if the sulphate is employed, at a 
high temp., the product is almost black. The oxygen content is rather greater than 
is required for the formula Tb 4 07, and it may be a mixture of that substance with 
the dioxide, Tb0 2 . The peroxide is converted into terbium salts when treated with 
hot cone, acids ; it loses oxygen when heated ; and when heated in hydrogen, it 
furnishes terbia , or terbjum sesquioxide, Tb 2 0 3 , as a white solid. 

C. Benedicks found that gadolinia absorbs carbon dioxide from the air, and it 
dissolves slowly in acids, the rate of dissolution increasing as the action proceeds. 
The three oxides dissolve in acids, forming the corresponding salts. According to 
C. Benedicks, when gadolinia is heated in hydrogen, it acquires a dark colour, but 
no reduction can be detected. The sp. gr. of gadolinia is 7*407. According to 
I). W. Bissel and C. James, when a mixture of air and coal-gas is directed upon 
terbium peroxide, or upon gadolinium oxide mixed with terbium peroxide, heated 
almost to redness, the mass immediately becomes incandescent, and the gas often 
takes fire. E. L. Nichols and H. L. Howes studied the luminescent spectrum of 
incandescent gadolinia. All three oxides are magnetic; and G. Urbain and 
co-workers found the magnetic susceptibility of erbia to be 33*5x10 ®; that of 
gadolinia, 16lXlO“«; and that of terbia, 237 XHT 6 . Gelatinous europium 
hydroxide, Eu(OH) 3 , is obtained as in the case of the hydroxides of the cerium 
earths ; gadolinium hydroxide, Gd(OH) 3 ; and terbium hydroxide, Tb(OH) 8 , 
are obtained similarly. They rapidly absorb carbon dioxide when exposed to the 


The halid es. — J. Popovici prepared gadolinium fluoride, GdF s , as a gelatinous 
precipitate by the action of hydrofluoric acid on an aq. soln. of gadolinium sulphate ; 
the precipitate becomes granular when warmed. F. Bourion prepared europium 
chloride, EuCl 3 , in yellow needles by heating the oxide, sulphate, or oxalate m a 
stream of sulphur chloride vapour or sulphur chloride vapour and chlohne. 
G. Urbain and F. Bourion found that if the oxide be employed in this process, the 
product is a mixture of europium di- and tri-chlorides. F. Bourion similarly pre- 
pared gadolinium chloride, GdCl 3 , and terbium chloride, TbCl 3 . The chlorides can 
be obtained in soln. by dissolving the oxides, hydroxides, or carbonates in cone, 
hydrochloric acid. When the soln. are evaporated over cone, sulphuric acid ; or 
the hot soln. are cooled; or hydrogen chloride is passed into the cold aq. soln., 
crystals of the hexahydrates are obtained. The hydrated chlorides cannot bo 
dehydrated by simply heating in air, since the salts are decomposed ; but wbeii 
heated in hydrogen chloride, at 180° to 200°, the anhydrous chloride is formed. 
Anhydrous gadolinium chloride is a white hygroscopic mass of monoclmic prisms 
which have a sp. gr. 4*52 at 0° ; and a m.p. of 628° ; ft forms prismatic crystals of 
a hexahydrate, GdCl 3 .6H 2 0, of sp. gr. 2*424. Anhydrous terbium chloride gives 
colourless crystals which melt to a colourless liquid. The crystals at 0 have a 
bp er 4*35, and a m.p. of 588°. They dissolve in water without hydrolysis. The 
hexahydrate, TbCl 3 .6H 2 0, forms colourless prismatic crystals Hexahydrated 
terbium chloride is deliquescent and very soluble in i water with a ^ndency to^rm 
supersaturated soln. If anhydrous europium trichloride be heated to 400-450 
in a stream of hydrogen, colourless amorphous europium dichloride.EuClj, is formed. 
This salt is more stable than samarous chloride ; it d^l™ 
a neutral soln., which oxidizes when boiled: 12EuCl 2 -f30 2 *f6H 2 0=»8EuCl s 
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•f 4Eu(OH) 3 . The salt is sometimes called europous ckhride ; just as the corre- 
sponding samarium chloride is called samarous chloride. The notation is not good 
because cerous chloride is derived from the tervalent metal, and ceric chloride from 
the quadrivalent metal. Hence, the -ous Balts of the rare earths are derived from 
both bivalent and tervalent metals. F. Bourion prepared gadolinium oxychloride. 
GdOCl, by passing a slow current of air or steam over the molten anhydrous chloride ; 
similarly, when europium chloride is heated in air to 600°, europium oxychloride, 
EuOCl, is formed. Both oxychlorides are white powders insoluble in water but 
readily soluble in acids. G. Urbain made terbium oxychloride, TbOCl, in a similar 
manner. C. A. Matignon and F. Bourion prepared gadolinium bromide, GdBr 3 , 
by heating the anhydrous chloride in a stream of dry hydrogen bromide, taking care 
not to fuse the material ; similarly also with terbium bromide, TbBr 3 . According 
to C. Benedicks, the crystallization of the aq. soln. of gadolinium bromide furnishes 
the hexahydrate, GdBr 3 .6H 2 0, in rhombic plates of sp. gr. 2*84. 

The sulphides and sulphates.— H. Erdmann and F. Wirth made gadolinium 
sulphide, Gd 2 S 3 , as a hygroscopic yellow solid of sp. gr. 3*8. It is slowly decomposed 
by water and by acids. G. Urbain and H. Lacombe obtained pale pink crystals 
of octohydrated europium sulphate, Eu2(S0 4 )3.8H 2 0, from a soln. of the oxide in 
sulphuric acid. S. H. Katz and C. James found that the salt is slightly hydrolyzed 
in soln. ; and the octohydrate becomes anhydrous at 875°. G. Jantsch found that 
it is completely decomposed at 1600°. C. Benedicks obtained octohydrated 
gadolinium sulphate, Gd2(S0 4 )3.8H 2 0, in a similar manner. The monoclinic crystals 
of the octohydrate have the axial ratios a : b : c=3*0086 : 1 : 2 0068, and /3=118° 2'. 
The sp. gr. of the salt is 3*01 at 14*6°. At ordinary temp., the aq. soln. deposits 
inonoclinic crystals of the octohydrate which are isomorphous with the corresponding 
salts of the cerium and yttrium metals. When heated, the octohydrate becomes 
anhydrous, when the sp. gr. is 4*139 at 14*6°. The solubility expressed in grams 
of Gd 2 (S0 4 ) 3 per 100 grms. of water, was found to be : 

0 ° 10 ° 14 ° 25 ° 34 * 4 ° 

• ad t (S0 4 )s . . . 3*98 3*3 2*8 2*4 2 26 

where the solid phase is the octohydrate, but there is an irregularity in the curve 
at about 10° which C. Benedicks attributed to the formation of another hydrate. 
F. Wirth gave for the percentage solubility of gadolinium sulphate in sulphuric acid 
of normality N — i.e. grams of Gd 2 (S0 4 ) 3 per 100 grms. of sat. soln. — when the solid 
phase is the octohydrate, at 25° : 

Normality H t S0 4 . 0 0*1 0*605 1 1 2 16 6*175 12*6 

GdjtSOJj . . 2*981 3*291 3*931 3*807 2*974 0*8777 0*0867 

D. W. Bis8el and 0. James gave 2*15 for the solubility at 25° in 100 parts of water. 
According to S. H. Katz and C. James, gadolinium sulphates are slightly hydrolyzed 
in aq. soln., and, comparing the results with those obtained with the other rare 
earths, the tendency of the sulphates to hydrolyze in aq. soln. increases with the at. 
wt. of the basic element. L. Wohler and M.. Griinzweig found the partial press, 
of the sulphur trioxide at 900° to be 7 mm., and the heat of dissociation, 56*9 Cals. 
L. C. Jackson and H. K. Onnes found the octohydrate is strongly paramagnetic ; 
and G. Breit and H, K. Onnes, and H. K. Woltjer measured the magnetic sus- 
ceptibility at very low temp., viz., — 258°. A basic salt, gadolinium oxysulphate, * 
GdaOjSO^ was made by heating the anhydrous sulphate to 800°-850°. 

D. W. Bissel and C. James found the solubilities of soln. of gadolinium Bulphate 
in soln. of sodium sulphate of different cone., expressed in grams of anhydrous salt 
per 100 grms. of water at 25°, to be : 

Nft-SOi . . 0 0*42 0*44 0*66 1*26 1*94 3*01 6*71 27*40 

, (M|(S0 4 ), . 2*15 2*08 204 0*88 0*17 0*10 0*07 0*00 0*06 

The results are plotted in Fig. 29. The solid phase is sodium ga dol i nium s ulph a te , 
Na 2 S0 4 .Gd 2 (S0 4 ) 8 .2H s ,0. This a alt is readily obtained by crystallization from a 
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, 8 ? k ; con ‘ akin 8 tkee ■* <>« alkali sulphate for one of gadolinium sul- 
i- , Be , nedlck8 m&de Potaniam gadoliaiam mipM t 
K2SU 4 .Udj(a0 4 ) 3 .2H 2 0, which furnishes well-formed crystals which are sparingly 
soluble m water. The sp. gr. of the double 1 * ' 

salt is 3-503 ; and 100 c.c. of a sat. soln. of 
potassium sulphate can dissolve 0 87 to 0 77 
grm. of Gd 2 Oa— A. Bettendorf! said 0 77 grm. 
of GcLjOs. R. J. Meyer and U. Muller obtained 
colourless, sparingly soluble crystals of 
gadolinium hydrazine sulphate, Gd 2 (S0 4 ) 3 . 

by boiling a soln. of the 
mixed sulphates for some time. 

The carhonates.—P. H. M. P. Brinton and 
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Fio. 29. — Solubility of Gadolinium 
Sulphate in Solutions of Sodium 
Sulphate. 


0. James made europium carbonate by adding europium sulphate to an cq. amount 
of a soln. of sodium carbonate; terbium carbonate was made in 'the same way. 
According to C. Benedicks, if carbon dioxide be passed through cold water in which 
gadolinium hydroxide is suspended, no crystalline carbonate is formed, but micro- 
scopic, needle-like crystals appear if the liquid is warm. The crystals, dried at 
100°, correspond with gadolinium hydroxycarbonate, Gd(0H)C0 3 .H 2 0. If the 
carbon dioxide be passed through the liquid for a very long time, say 12 flays, the 
acicular crystals of the basic carbonate disappear, and larger crystals appear. When 
dried at 100°, the composition corresponds with gadolinium carbonate, Gd 2 (C0 3 ) 3 . 
13H 2 0, where there is a little doubt about the exact proportion of water. Accord- 
ing to P. H. M. P. Brinton and C. James, the hydrolysis— represented by the ratio of 
the amount of carbon dioxide evolved, when the carbonates are boiled with water 
o the original quantity of carbon dioxide present in the system— -is : 


Time boiling . 

0-5 

1*0 

1*5 

2*0 

2-5 

3*0 

3*5 

4*0 

Eu 4 (C0 3 ) 3 . 

33*4 

37*4 

399 

41*9 

43*0 

45*1 

46*3 

47*0 

Gd 2 (C0 3 3 . 

34-8 

38-9 

41-3 

43*1 

44*4 

40*0 

40*7 

47*0 

Tb a (C0 3 ) 3 . 

37-6 

42*5 

45 7 

48*1 

~ 

— 

- 

*— 


)n comparing these results with those for the cerium metals the order of basicity 
s . . . Pr, Nd, Sa, Eu, Gd, Tb, . . . 

The nitrates. — These salts are prepared as in the case of the nitrates of the 
jerium metals. E. Demaryay, V. von Lang and L. Haitinger, and 0. Benedicks 
found that hexahydrated gadolinium nitrate, Gd(N0 3 ) 3 .6H 2 0, separates from aq. 
join, in triclinic crystals of sp. gr. 2 332, and which melt at 91°. V. von Lang and 
L. Haitinger gave for the axial ratios of the triclinic crystals a : b : c— 1 : 1*795 : 1*367, 
»nd a— 90° 6', j3=109° 55', and y=109° 48'. C. Benedicks gave GdlNO^.CJHgO 
for the composition of the preceding salt, and he obtained the pentahydrate, 
Gd(N0 3 ) 3 .5H 2 0, from cone, nitric acid soln. in prismatic crystals of sp. gr. 2 406, and 
m.p. 92°. This salt is less soluble in cone, nitric acid than any of the other rare 
earth nitrates which have been tried. C. Benedicks obtained long, hair-like, 
deliquescent crystals of ammonium gadolinium nitrate, GdfNO^.N^NOg.nHgO, 
from soln. which contained the component salts in the molar proportion, 
Gd(N0 8 ) 8 : NHiNOs-l : 2. E. Demarfay prepared magnesium gadolinium nitrate, 
3Mg(N0 3 ) 2 .2Gd(N0 3 )3.24H 2 0. A. Ries found the trigonal crystals have the axial 
ratio a : c— 1 : 1-5786. G. Jantsch found the sp. gr. 2*163 at 0°/4° ; the mol. vol. 
723*0 ; the m.p., 77 *5° ; and the molar solubility 0*2252 grm. per litre of nitric acid of 
,sp. gr. 1*325 at W/i°. G. Jantsch prepared zinc gadolinium nitrate, 3Zn(N0 8 ) 2 . 
2Gd(N0 3 ) 8 .24H 2 0, with sp. gr. 2*351 at 0°/4° ; mol. vol., 717*5 ; m.p., 56 * 5 ° ; and 
molar polubility, 0 2801 grm. per litre of nitric acid of sp. gr. 1*325 at 1674°. 
G. Urbain and co-workers prepared hexahydrated terbium nitrate, Tb(^0 3 ) 3 .6H s 0, 
in monoclinic needles from nitric acid soln. The salt melts at 89 3°. 
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§ 23. The Erbium Family of Rare Earths 

For convenience, the four rare earth elements — dysprosium, Dy ; holmium, Ho ; 
erbium, Er ; and thulium, Tm— are considered as a family or sub-group of tho 
yttrium elements. The history of these earths has already been discussed. 
The earth terbia, discovered by C. G. Mosander 1 in 1842, as previously indicated, 
was later designated erbia. All the members of this family have been separated from 
C. G. Mosander’s terbia. They are characterized by their absorption spectra, and 
by furnishing highly coloured salts. They form basic oxides of the type M 2 0 3 ; of 
these dysprosia is the strongest base, then follow in order holmia, erbia, and thulia. 
The chemistry of these earths is very incomplete ; erbium has been investigated 
more than the others. 

Erbia is one of the least abundant of the yttrium earths ; some estimate it to 
be next to yttria in abundance ; the erbia earths occur in virtually all the rare earth 
minerals, but usually to a very small extent. According to N. Engstrom and 
P. T. Clove, orthitc from Hitterb has 0 52 per cent, of erbia earths, and that from 
Ytterby, 2‘00 per cent. ; and, according to L. G. Eakins, gadolinite from Colorado 
has J2'74-15*80 per cent, of erbia earths. The most convenient sources of these 
earths are xenotimc, fergusonite, gadolinite, euxenite, polycrase, and blomstrandine. 

The isolation of the erbium earths. — The individual earths of this family 
are derived from the mother liquids remaining after the separation of the cerium 
earths by the alkali sulphate process. The mixture of yttrium earths so obtained 
can be fractioncd by precipitation by bases ; by the fractional decomposition of 
the nitrates ; by the oxalate, chromate, acetylacetonate, or ethylsulphate processes 
previously described. C. James 2 recommended the bromate process ; and 
G. Urbain the ethyl Bulphato process. In either case, three main fractions are 
obtained : (i) the least soluble fraction with terbium, dysprosium, holmium, and 
yttrium : (ii) an intermediate fraction with yttrium, dysprosium, holmium, and 
erbium; and (iii) the most soluble fraction with erbium, thulium, ytterbium, * 
lutecium, and celtium— vide general method of resolving a mixture of the rare earths 
into its components. 

The isolation of dysprosia. — Dysprosia was first isolated by L. de Boisbaudran ‘ 
from J. L. Soret’s X-earth which P. T. Cleve considered to be holmium. Dysprosia 
w&8 supposed by G. Kriiss and L. F. Nilson, W. Crookes, and S. Forsling to be a 
mixture of dements. In 1885, W. Crookes, in studying the cathodic phosphorescent 
imeotra, was attracted by a citron band with wave-length A=5740. He assumed 
that the brightness of the citron band would increase as the proportion of the element 
responsible for it increased in his preparations. He traced the element to the yttnum 
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group, and finally identified it with yttrium ; but G* Urbain showed that this is a 
wrong inference, for the band is generated by dysprosium. In order to isolate 
dysprosia the terbium is eliminated in the less soluble fractions during fractional 
crystallization with the ethyl sulphates. The holmium is eliminated by fractional 
crystallization of the nitrates from cone, nitric acid. The purification of dyspro- 
sium nitrate by the last operation is facilitated if bismuth nitrate be introduced 
as V element separateur. The subject has also been discussed by C. C. Kiess and 
co-workers ; and by H. C. Kremers and co-workers. 

The isolation Of holmia. — The fractional crystallization of the ethyl sulphates 
enables holmia to be separated from erbia, thulia, etc., and to be partially separated 
from dysprosia ; the remaining dysprosia can be removed by the crystallization of 
the nitrates as indicated in connection with dysprosia. Yttria, however, was 
shown by G. Urbain to remain with the dysprosia, and he suggested removing yttria 
by the fractional decomposition of the nitrates, or by fractional precipitation with 
ammonia. P. H. M. P. Brinton and C. James highly recommend the basic nitrate 
method in the two forms herein outlined for the separation of erbium, holmium, 
dysprosium, and the less basic earths from yttrium ; and the crystallization of the 
chlorides from 1 : 1 hydrochloric acid for the separation of holmium and dysprosium 
from yttrium. L. F. Yntema and B. S. Hopkins preferred the sodium nitrite 
method to the phthalate process. H. C. Kremers and C. W. Balke tried fractional 
precipitation with lactic acid, and ammonium carbonate ; and the fused nitrate 
process. The earlier samples of holmia contained much dysprosia, and the later, 
less impure specimens have been called neo-holmia. 0. Holmberg employed the 
following process, and obtained holmia containing traces of erbia and dysprosia : 

Twenty-nine kgrms. of finely powdered euxenite were decomposed in small portions 
at a time with hot cone, sulphuric acid, and the excess of acid finally expelled. After 
cooling, the resulting mass was powdered and gradually added to cold water, whereby the 
ytterbium earths, oxides of cerium, iron, uranium, and some of the acidic oxides were dis- 
solved. The soln. was completely precipitated with ammonia, the washed precipitate 
dissolved in cone, nitric acid, and the soln. heated to boiling ; the filtrate from the pre- 
cipitate so formed was precipitated with oxalic acid, and the oxalate collected and ignited. 
The resulting oxide amounted to 5*5 kgrms., and contained the holmium present in the original 
euxenite. The oxide was transformed mto oxalate and separated into two fractions by 
repeated treatment with a hot sat. soln. of ammonium oxalate, the oxalates of scandium, 
thorium, and of the ytterbium earths with the highest at. wt. being much more soluble 
than the oxalates of yttrium, terbium, etc. The less soluble oxalates gave 4773 grnis. of 
oxides, and were treated for holmium by converting them into the m - ni troben zonesul - 
phonates and submitting them to a long series of fractional crystallizations. The five 
least soluble fractions consisted of a mixture of yttrium, erbium, holmium, dysprosium, 
terbium, gadolinium, europium, and samarium ; they were converted into the nitrates and 
fractionally crystallized in the presence of bismuth nitrate, whereby gadolinium is eliminated. 
Thl& fourteen chief fractions consisted mainly of holmium, dysprosium, terbium, and yttrium, 
but europium, samarium, and erbium were also present. The holmium in these fractions 
was further cone, by the ammonium oxalate method ; the nitrate soln. of the three most 
soluble fractions showed a strong holmium spectrum, but also a weak erbium and dysprosium 
spectrum. The oxide was yellow in colour, showing the presence of terbium, and the at. wt. 
144 showed that it contained a considerable content of yttrium. It was converted into the 
nitrate and again submitted to 160 fractionations, and trie fractions richest in holmium sub- 
mitted to spectral examination ; they were found to be practically free from erbium, but 
contained a trace of terbium, a small quantity of dysprosium, and some yttrium (about 
19 per cent.), the at. wt. determination giving the value 160. Two partial precipitations 
*witn aniline raised the at. wt. from 150 to 166. • 

The isolation ol erbia.— Erbia of a high degree of purity has probably not been 
obtained ; the erbia of the earlier chemists undoubtedly contained much ytterbium, 
holmium, dysprosium, and thulium. The later, less impure, preparations have been 
called nito-erbia. The fractions from the preceding operations containing yttnum, 
erbium, thulium, ytterbium, lutecium, and celtium are fractionally crystallized either 
by the bromate process, or by the nitrate process : (i) the least soluble fractions * 
contain neodymia, samaria, and gadolinia ; (ii) the next fractions contain terbia, 
dysprosia, yttria, and holmia ; (iii) the next contain dysprosia, holmia, yttria, and 
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scandia ; (iv) the next, yttria, erbia, and thulia ; and (v) the last contain thulia, 
ytterbia, erbia, lutecia, and celtia. The erbium bromate is less soluble than thulium * 
bromatc, so that the erbia and thulia can be separated by the bromate process, 
but the yttria is not eliminated from the erbia. C. James said that this can be 
effected by the fractional decomposition of the nitrates, or by fractional precipitation 
with ammonia. P. H. M. P. Brinton and C. James strongly recommend the basic 
nitrate process for the separation of erbium, holmium, and dysprosium from yttrium. 
The subject was also discussed by L. Hermann, and C. C. Kiess and co-workers. 

The isolation ol thulia. — C. James has described processes for the extraction 
of thulia from ytterspar (Norwegian xenotime), euxenite, and a Norwegian columbate 
resembling sipylite. The liquors containing the yttria earths were converted into 
bromates, and fractionally crystallized. The thulium collected in the fractions 
between erbium and ytterbium. The fractions in which the thulium bands were 
intense were finally submitted to a long series of recrystallizations, as they con- 
sisted mainly of ytterbium and lutecium, with some erbium and traces of scandium. 
The thulium was gradually cone, in the fractions next to the least soluble erbium, 
and when free from erbium, the soln. possessed a bluish-green colour. The pre- 
sence of a little erbium turns the colour yellowish-green, a little more renders it 
colourless, and further addition changes it to pink. The various colours so obtained 
were made use of in collecting the fractions. It was found that the thulium 
fractions did not change in colour, always retaining a greenish tint when in soln. 
Other methods of fractionation were tried, but none could be compared with the 
bromate method. Spectroscopic examination of the purest thulium fraction ob- 
tained showed it to contain a trace of ytterbium and a very faint trace of calcium. 

The metals of the four erbia earths have not been examined. S. Meyer 3 
described the metal erbium as a dark grey metallic powder of sp. gr. 4-77 at 15°. 
Dysprosium salts aro yellow or greenish-yellow ; holmium salts are yellow or orange ; 
erbium salts are rose-red ; and thulium salts are green. The flame spectrum of 
erbia has been examined by J. F. Bahr,* R. Bunsen, L. de Boisbaudran, R. Thal6n, 
W. Crookes, K. A. Hofmann and co-workers, W. B. Anderson, and K. Schaum and 
H. Wiistenfeld ; while that of thulia has been examined by R. Thal6n. The lines 
in the discontinuous flame spectrum of erbia are approximately in the position of 
the absorption bands— vide infra . The spark Spectrum of dysprosium has been 
studied by G. Urbain, 5 by L. de Boisbaudran, etc. The five lines in the visible 
spectrum are 5835, 5750, 5700, 5269, and 5259. There is a large number of lines 
in4he ultra-violet. The arc spectrum has been studied by G. Eberhard, J. M. Eder 
and E. Valenta, C. C. Kiess, G. Urbain, F. Exner and E. Haschek, etc. The more 
prominent lines have wave-lengths 3385 16, 3531 86, 3645 54, 3898*69, 3944*83, 
4000-5§, 407811, 4187 00, 4211-82. 

The spark spectrum of holmium has been studied by L. de Boisbaudran, 6 
G. Eberhard, and F. Exner and E. Haschek ; and the arc spectrum by G. Eberhard, 

J. M. Eder and E. Valenta, and F. Exner and E. Haschek. The older observations 
were made on a mixture of at least two elements ; the element prepared of a higher 
degree of purity is called for distinguishing purposes neo-holmium . F. Exner and 
E. Haschek record about 2300 lines in the arc spectrum, and 1900 in the spark 
spectrum. The more important lines in the arc spectrum are 3399*12, 3425*49, 
3429*27, 3456*16, 3474*40, 3484*98, 3515*73, 3598*92, 3748*32, 3757*41, 3889*10, 
389W7, 4045*58, and 4254*59. 

The spark spectrum of erbium has been measured by F. Exner and E. Haschek, 7 
R. Thal4n, G. Eberhard, etc. The most prominent and persistent lines are 3230*72, 
3264*91, 3312*56, 3372*92, 3499*28, 3692*85, 3896*40, 3906*47, and 3938*79. The 
are Spectrum of erbium has been measured by F. Exner and E. Haschek, J. M. Eder 
and E. Valenta, G. Eberhard, etc. The most intense lines are 3230*73, 3264*91, 
3312*66, 3372*92, 3499*28, 3692*85, 3896*10, 3906*47, 3938*79, 3973*26, 3973*78, 
4008*12, 4020*69, 4059*98, 4087*80, 4143*11, 4419*78, 4563*45, 4631*10, 4676*77, 
4759*83, 5827*01, and 6221*22. 
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„ 1 be J*** sPMtran of thulium has been investigated by F. Exner and 
E. Haschek.s and the arc spectrum by F. Exner and E. Haschek, J. M. Kdor 
and E. Valenta, C A. von Welsbach, etc. The most intense lines in the arc 

K 31340 °* 3362 ’ 78 ' 3425 27 - 3462-37, 3441-71, 345382, 

, 3 ,L°? 4 ’ 3701 54, 3718 07, 3734-29, 3744-22, 3761-49, 3762 09, 3795 90, 
3848 13, 4094 33, 4105 99, 4187 79, and 4481-44. E. Paulson has described some 
regularities in the spectrum of thulium. 

L. de Boisbaudran,® and G. Urbain have studied the reversion spectrum of 
dysprosia ; it shows a yellow phosphorescence; and the chlorido exhibits two 
bands with maxima at A=5730 and 4765. The cathodic phosphorescent spectrum 
of dysprosium lias been investigated by G. Urbain ; 10 it is yellow or greenish-yellow.* 
The X-ray spectra of dysprosia, holmia, and erbia have been studied by 
H. G. J. Moseley, 11 and E. Friman, and W. Duane measured the absorption 
frequencies of the X-rays for dysprosium. J. Carrera gave for the absorption 
coeff. for the K-series of X-ray spectra, Dy, 62 93 ; Ho, 64 09 ; Er, 64 99 ; and 
Tu, 66*11. • The K-series of dysprosium were measured by W. Duane and 
T. Shimizu, and M. Siegbahn and E. Jonsson; and that of holmium by 
M. Siegbahn and E. Jonsson. The L-series were examined by D. Coster and 
co-workers, E. Hjalmar, and M. Siegbahn, who gave for dysprosium, 02a'=l'91564 ; 
aja-1-90460 ; ftj8 =1 ‘70658 ; j9 2 y=l*61975 ; y^l’467 ; y 2 ^=l 419 ; fi 4 v 
= 1*718; /J 3 0=1‘68O; y 3 x=l*468; andy 4 ^=1437 ; for holmium, 1*85206; 
a 1 a=l*84098; ^^=1*64352 ; ^=1*56365^8=1412; y 2 0=l*366; foi>=l‘653; 
/J 3 0=l*61677 ; and y 8 x=l*415; for erbium, a 2 a'=l*79140 ; ^0=178040; j3jj3 
=1*58344; &>y=l*5142; yi S=l 363 ; tj= 1*725; y 2 0 =1*320; j3 4 u=l'596; 
=1*556 ; and y 3 x=l’313. For the M-series, E. Hjalmar, and G. Wcntzel gave for 
dysprosium, a=9*509, jS=9*313 ; for holmium, a=9*123, /3=8*930; and for 
erbium, a=8*770, j3=8*561. J. 0. Perrine found erbium oxide showed no ultra- 
violet fluorescence. 


The absorption spectra of dysprosium salts exhibit four bands in the visible 
region, measured by L. de Boisbaudran, 12 and seven in the ultra-violet, measured by 
G. Urbain. H. C. Jones and W. W. Strong, and L. F. Yntema, have also studied 
the absorption bands of dysprosium salt soln. The heads of the absorption bands 
with didymium chloride soln. are at 7530, 4750, 4515, 4275, 3970, 3865, 3795, 3650, 
3510, 3380, and 3225. The absorption spectrum of holmium salts was originally 
characterized by two bands, A=6400 and 5360. There are, however, 15 bands which 
have been measured by 0. Holmberg, G. Urbain, L. F. Yntema, and S. Forsling. 
These bands are A=6577-6551, 6538 -6518, 6446-6418, 6414-6384, 5491, 5438-5427, 
5411-5401, 5385-5349, 4910, 48604846, 4830, 4683-4672, 4554-4459, 4223-4216, 
4179-4152 when a 2iV-soln. of a holmium salt is used. The absorption spectra of 
erbium salts have sharp red, green, and blue bands which have been measured by 
R. Bunsen, P. T. Cleve, J. L. Soret, 8. Forsling, L. F. Yntema, K. A. Hofmann and 
co-workers, F. Exner, etc. The data are not concordant, presumably because of 
the presence of impurities in the specimens, and it is not at all certain if all the bands 
are really due to erbium. 8. Forsling gives the following : 6665, 6530-6515, 6483, 
5490, 5412, 5231, 5202-5188, 4908, 4871, 4845-4534, 4497, 4427, 4084, 4069, 4058, 
4050, 3792, 3644, 3637, 3588, and 3561. K. A. Hofmann and 0. Burger could not 
locate the bands 6483, 5490, and 4534. A. H. Pfund 9 bserved the bands 0649ft, 
O-687/i, 0*797 ft, and 0*980fi in the infra-red region. H. C. Jones and W. W. Strong 
investigated the effect of temp, on the bands ; and F. Wick, the effect of press. 
R. du Bois found that, at the temp, of liquid air, and under the influence of a 
magnetic field, new absorption bands appear. The absorption spectra of thulium 
salts were investigated by P. T. Cleve, R. Thalen, L. F. Yntema, etc. S. Forsling 
found characteristic bands at 7015, 6845-6825, 6593-6585, 4643, 3604, and 3604— 
3595. A. Dauvillier, G. Wistrand, and B. Cabrera have discussed the magnetic * 
properties of these elements. 

The atomic weights of the erbium metals. — The general reactions of the 
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salts of the erbium family are similar to those of yttrium salts. G.> Urbain « 
observed no signs of the complexity of dysprosia in fractionating the ethyl sulphate 
and the nitrate. Forty consecutive fractions of the purified earth were practically 
identical. S. Forsling denied the elementary nature of holmium ; and G. Krtiss 
and L. F. Nilson, and K. A. Hofmann stated that holmia is a mixture ; but 0. Holm- 
berg, and A. Langlet have shown that holmium can be obtained showing but the 
merest traces of erbia and dysprosia. J. L. Soret, and P. T. Cleve showed that the 
old erbia was complex, and holmia and thulia were separated from it. C. A. von 
Welsbach, G. Krtiss and L. F. Nilson, C. James, and W. Muthmann and L. Weiss 
stated that erbia is complex, but the later work of K. A. Hofmann, and C. James 
and co-workers shows that erbium is homogeneous and elementary. R. Marc 
denied the elementary nature of thulium ; and C. A. von Welsbach stated that 
he has fractionated thulium into three elements which he named provisionally 
Tmj, Tm 2 , and Tm 3 . Au contraire, C. James failed to effect any separation 
of thulium into dissimilar parts by 15,000 crystallizations of the bromate. 
According to H. G. J. Moseley’s relation between the vibration frequencies of the 
X-ray spectral lines and the atomic numbers dysprosium, holmium and erbium are 
probably elemental, and if thulium be elemental, the four places between erbium 
and tantalium are filled by thulium, ytterbium, lutecium, andceltium. The atomic 
numbers are Dy, 66 ; Ho, 67 ; Er, 68 ; Tm, 69. F. W. Aston found that erbium 
has a series of isotopes from 164 to 176. 

In 1905, G. Urbain 14 obtained values between 162 64 and 162*28 for the at. wt. 
of dysprosium ; and in 1906, as a mean of six determinations, G. Urbain and 
M. Demenitroux obtained 162 29 to 162-75 — mean 162-52 — from the ratio 
Dy 2 (S0 4 ) 3 .8H 2 0 : Dy 2 0 3 ; after a further purification of the same material, values 
between 162*36 and 162*63 — mean 162*54—were obtained ; another determination 
gave 162’49. G. D. Hinrichs recalculated G. Urbain’s results and obtained 162-5. 
E. W. Engle and C. W. Balke obtained 164-228 for the ratio Dy 2 0 3 : 2DyCl a ; and 
H. C. Kremers, B. S. Hopkins, and E. W. Engle showed that the ratio 
Dy 2 (S0 4 ) 3 .8H 2 0 : Dy 2 0 3 is not constant because the octohydrate is not constant in 
composition when dried over cone, sulphuric acid. They obtained 163 83 from the 
ratio 2DyCl 3 : Dy 2 0 3 ; and 162 52 from the ratio DyCl s : 3Ag. The International 
Table for 1921 gives 162*5 as the best representative value for the at. wt. of 
dysprosium. 

In 1879, P. T. Cleve 16 obtained 160-161 for the at. wt. of holmium, but the 
material contained traces of erbium and dysprosium. K. A. Hofmann and G. Krtiss 
found for various holmium fractions at. wt. between 158*5 and 169*4. G. Urbain 
believes the at. wt. lies between 162-5 and 167. O. Holmberg obtained 156 ; and 
later still, 163*5. The International Table of at. wt. for 1921 gives 163*5 for the 
best representative value of the at. wt. of holmium. 

In 1864, M. Delafontaine 16 obtained 118-7 for the at. wt. of erbium from the 
ratio Er 2 (S0 4 )a *. Er 2 0 3 , but he was working with very impure material. J. F. Bahr 
and R. Bunsen, working with a more highly purified material, obtained 169*08 
from the ratio Er 2 0 3 : Er 2 (S0 4 ) 3 . From the same ratio P. T. Cleve and 

O. M. Hoglund obtained 170*59 ; J. S. Humpidge and W. Burney, 171*62 ; 

P. T. Cleve, 166*25 ; K. A. Hofmann and G. Krtiss, 165*4—172*4 ; B. Brauner, 167*14 ; 
W. Nernst and E. H. Riwenfeld, 161*0-163*3 ; K. A. Hofmann and O. Burger, 
167*4 ; O. Brill, 166*76. The results are unsatisfactory because of the difficulties 
attending the separation of yttria, etc. The International Table for 1921 gives 
167*7 as the best representative value for the at. wt. of .erbium. The at. wt. of 
thulium has not been accurately determined. P. T. Cleve 17 gave 170*7 without 
describing the procedure. G. Urbain said that the at. wt. is below 168*5. The 
International Table for 1921 gives 168*5 as the best representative value for the at. 
wt. of thulium. 
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< § 24. Compounds of the Erbium Earth Metals 

The oxides of these earths are obtained by igniting the oxalates or the salts of 
the volatile oxy-acids. According to G. Urbain, 1 dysprosium oxide, Dy 2 0 3 , or 
dysprosia, is white, and does not form a peroxide, nor absorb oxygen when boated 
in that gas, and it is not affected by heating in hydrogen. It dissolves in acids to 
produce green or yellow salts. E. W. Engle and C. W. Balke gave 7*81 for the sp. gr. 
of dysprosia at 27°/4°. O. Holmberg found that purified holmia or holmium oxide, 
HojjOg, has a pale yellow colour, and dissolves in acids to produce yellow or orange 
salts. According to F. T. Cleve, erbium furnishes rose-red erbia or erbium oxide, 
Er 2 0 3 , which dissolves in acids to give intensely red salts. The colour of erbia 
remains unchanged qfter strong ignition. W. W. Coblentz examined the ultra-red 
emission spectrum and fflund maxima at 2ft, 2 85/i, 3 2 ft, 4*1 ft, 5/lx, and 16ft. 
W. S. Mallory investigated the distribution of energy in the spectrum of erbium 
oxide. 0. James prepared thulia or thulium oxide, Tm 2 0 3 , as a dense white 
powder with a greenish tinge ; it emits a carmine-red glow when heated, and 
as the temp, is raised the glow becomes yellow, and then almost white, 
0. A. vorrWelsbach’s thulium-Ifwas also stated to give a white sesquioxide which 
when heated in the flame gave a purple light quickly succeeded by a brilliant glow. 
Thulia dissolves in acids to form green soln. The colours of erbium and thulium 
salts are almost complementary, so that traces of the one have a marked influence 
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on the other. The salts of thulium-II were said to be pale yellowish-green by day- 
light and emerald-gTeen by artificial light. ’ " 

According to L. F. Nikon and 0. Pettersson, erbia has a sp. gr. 8 64, and a sp. 
ht. of 0*065 between 0° and 100°. W. R. Mott gave 3000° for the b.p. of erbium 
oxide. W. W. Strong said that the salts of erbia are feebly radioactive when tested 
by the photographic method. W. S. Mallory, and E. L. Nichols and H. L. Howes 
found the emissivity of erbium oxide is greater at 1000° than that of an ideal black 
body ; this is attributed to the luminescence of the oxide. E. L. Nichols and 
H. L. Howes studied the luminescent spectrum of the incandescent oxide. 
E. H. Williams found the magnetic susceptibility of erbium oxide to be 188*6 x 1CM 
at 20°; 201*7x10-6 at 0°; 234*8 xl0“6 at -40°; 282*3 xlO"* at -80°; 
314*8 XlO~« at -100°; 355 0x10-6 at -120° ; and 402*8 Xl0~6 at -140°. Accord- 
ing to G. Urbain, dysprosia is the most strongly paramagnetic oxide known ; its 
magnetic susceptibility is 290xl0“ 6 , a number 12*8 times as large as that of ferric 
oxide. E. H. Williams gave for the magnetic susceptibility 233*3 xlO -6 at 20°; 
250*0x10-6 at 0°; 291*3x10-6 at -40° ; 291*3x10-6 at -80° ; 384*2x10-6 a t 
100°; 430*2xl0-« at -120° ; and 490 0x10-6 at -140°. E. Wedekind and 
P. Hausknecht found the mol. magnetism to be -f 40600 xl 0 ~ e . Erbium - oxide 
does not unite directly with water ; dysprosium hydroxide, Dy(OH) 3 , is obtained 
by treating soln. of the salts of dysprosium with ammonia ; holmium hydroxide, 
Ho(OH) 3 ; erbium hydroxide, Er(OH) s ; and thulium hydroxide, Tm(OH) 3 , are 
produced in a similar manner. The addition of hydrogen dioxide and ammonia 
to soln. of erbium salts furnishes hydrated erbium peroxide. 

F. Bourion obtained anhydrous dysprosium chloride, DyCl 3 , by passing a 
mixture of chlorine and sulphur chloride over the heated oxide. E. W. Engle and 
C. W. Balke prepared the highly purified chloride for their at. wt. determination. 
The yellow shining crystals are said to have a sp. gr. of 3*67, and melt at 680°. 
According to E. W. Engle and C. W. Balke, anhydrous dysprosium chloride dis- 
solves slowly and completely in water developing much heat, and forming a soln. 
which is almost neutral to litmus, quite neutral to methyl orange, and faintly acid 
to phenolphthalein and methyl red. G. Urbain and G. Jantsch found that the aq. 
soln. furnishes bright yellow crystals of the hexahydrate, DyCl 3 .6H 2 0, which 
resemble the corresponding terbium salt but are less deliquescent. 0. James 
obtained green crystals of heptahydrated thulium chloride, TmCl 3 .7H 2 0, by crystal- 
lization from a soln. of the oxide in hydrochloric acid. The salt is very soluble in 
water and in alcohol. F. Bourion showed that when anhydrous dysprosium chloride 
is heated in oxygen, it furnishes yellowish-green leaflets of dysprosium oxychloride, 
DyOCl, which is insoluble in water, but dissolves slowly in nitric or hydrochloric 
acid. K. A. Hofmann and K. Hoschele made crystals of erbium oxychloride, 
ErOCl, from a soln. of the oxide in fused magnesium chloride. G. Wistrand found 
the magnetic susceptibility of holmium chloride is 172*0 xl0~6, when the value 
for water is —0*7260x10-6. F. Bourion made anhydrous dysprosium bromide, 
DyBr 3> by heating the oxides in a stream of sulphur chloride vapour mixed with 
an excess of hydrogen bromide. 

G. Urbain and M. Demenitroux found that a soln. of dysprosia in sulphuric acid 
furnishes pale yellow crystals of octohydrated dysprosium sulphate, Dy 2 (S0 4 ) 8 .8H 2 0, 
which are stable in air at 1 10°, and are dehydrated at 360°. The anhydrous sulphate 
furnishes the oxide at a white heat. The sulphate dissolves in water giving a faintly 
acid soln. O. Holmberg made holmium sulphate. P. T. Cleve showed that a soln. 
of erbia in sulphuric acid furnishes red monoclinic crystals of octohydrated erbium 
sulphate, Er 2 (S0 4 )3.8H 2 0, when slowly cone, at 20°-25°. According to E. H. Kraus, 
the axial ratios are a : b : c=3*0120 : 1 : 2*0043, and jS=118° 27'. There is a feeble 
double refraction. H. Topsoe gave 3*217 for the sp.gr.; L. F. Nikon and O. Petters- 
son gave 3*18 ; and E. H. Kraus, 2*731. The crystak are said to be isomorphous, 
with the corresponding salts of praseodymium, neodymium, and yttrium. Accord- 
ing to F. Wirth, 100 gnus, of aq. soln. at 25° Contain 11*94 grins, of Er 2 (S0 4 )j, when 
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the solid phase is the octohydrate. P. Wirth gave for the percentage solubility in 
sulphuric acid— i.e. grams of Er 2 (S0 4 ) 3 per 100 grms. of sat. soln.— with the octo- 
hydrate as the solid phase : 


Normality of ELSO* . 0 0*1 0 505 1 1 2*10 6*176 12*0 

Er 2 (SOJ 8 . 11*94 12*02 10*104 8*549 6*473 1*621 0*1386 


S. H. Katz and C. James said that the salt is slightly hydrolyzed in aq. soln. Accord- 
ing to O. Brill, and K. A. Hofmann and co-workers, anhydrous erbium sulphate, 
Er 2 (S0 4 ) 3 , is formed when the octohydrate is heated to 400° for a long time ; the 
sp. gr. is 3*68. E. Wedekind and P. Hausknecht found the mol. magnetism of erbium 
sulphate to be +36700 X 10~ 6 . The salt commences to decompose at 630°, and white 
acicular crystals of erbium dioxysulphate, Er 2 0 3 .S0 3 , or Er 2 0 2 (S0 4 ), are formed 
at 845° ; and this compound begins to decompose at 950°, and is completely con- 
verted into the oxide at 1055°. The double salts, potassium erbium sulphate, 
K 2 S0 4 .Er 2 (S0 4 ) 3 .4H 2 0, and ammonium erbium sulphate, (NH 4 ) 2 S0 4 .Er2(S0 4 )3. 
4H 2 0, are formed by crystallization from an aq. soln. of the component salts. They 
are readily soluble in water. C. James prepared green crystals of octohydrated 
thulium sulphate, Tm 2 (S0 4 ) 3 .8H 2 6, by adding an excess of alcohol to a soln. of the 
chloride in dil. sulphuric acid. The salt is dehydrated at a red heat. 

According to G. Jantsch and A. Ohl, dysprosium carbonate, Dy 2 (C0 3 ) 3 .4H 2 0, 
is formed as an insoluble powder when an aq. suspension of the hydroxide is sat. 
with carbon dioxide. At 15°, it loses 3H 2 0. When added to a cone. soln. 
of ammonium carbonate, it gradually changes into the white, crystalline, and 
sparingly soluble dysprosium ammonium carbonate, NH 4 Dy(C 0 3 ) 3 .H 2 0 , which loses 
ammonia at 60°. C. James also prepared thulium carbonate. P. H. M. P. Brinton 
and C. James found the percentage hydrolysis of dysprosium and thulium car- 
bonates, expressed as a ratio of carbon dioxide given off on boiling with water to 
the total carbon dioxide originally present. 

Hrs. boiling . 0*6 1 0 1*6 2 0 2*5 3 0 

Dy 2 (CO a ) 3 . . 400 44*4 47*6 49*9 61*4 52*8 

Tm a (C0 3 ) a . . 49*0 53*1 56*5 67*6 69*3 — 


G. Urbain and G. Jantsch prepared yellow crystals of pentahydrated dysprosium 
nitrate, Dy(N0 3 ) 3 .5H 2 0, more resembling the bismuth salt than the terbium salt. 
This salt loses its water of crystallization in a dry atm. The pentahydrate melts at 
88*6° in its water of crystallization. It dissolves in water giving a neutral soln. 
P. T. Cleve obtained red crystals of pentahydrated erbium nitrate, Er(N0 3 ) 3 .6H 2 0, 
by concentrating a soln. of the oxide in nitric acid. The crystals are stable in air at 
ordinary temp. G. A. Barbieri and F. Calzolari made a complex with hexamethylene- 
tetramine, and T. H. Behrens, one witii antipyrine. C. James prepared green 
deliquescent crystals of tetrahydrated thulium nitrate, Tm(N0 3 ) 3 .4H 2 0, by crystal- 
lization from nitric acid. The salt is very soluble in water. The amount of water 
of crystallization in the Balt corresponds with that in paleo-ytterbium — vaXatos, 
ancient. G. Wistrand found the magnetic susceptibility of holmium nitrate is 
132*6x10”® when the value for water is —0*7260x10”®. 

According to G. Jantsch and A. Ohl, dysprosium phosphate, DyP0 4 .5H 2 0, 
forms first as a gelatinous precipitate on mixing a soln. of the nitrate with 
ammoniacal sodium phosphate soln. ; on keeping for three or four days it becomes 
crystalline, and then forms a white powder with a yellow tinge. A mol of the salt 
loses five mols of water above 200°. K. A. Wallroth made rose-red rhombic prisms 
of sodium erbium pyrophosphate, NaErP 2 0 7 , by fusing microcosmic salt with 
erbia. The salt is soluble in dil. acids. 
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§ 25. The Ytterbium Family of Earths 

The ytterbium family of earths includes two little-known element*— ytterbium, 
Yb • and lutecium, Lu, which have been obtained from the ytterbium separated by 
J C.G. de Marignac 1 from the erbium earths in 1878. J. Gadolin s yttria was reso ved 
by C. G. Mosander in 1842 into yttria, terbia, and erbia ; the erbia was resolved 
by J. C. G. de Marignac into rose-coloured erbia and colourless ytterma. J he pro- 
perties of ytterbia were investigated by L. F. Nilson, A. Clove, etc. YUerbmm 
was considered to be an element until 1905, when 0. A. von Welsbacb stated that the 
spectroscopic evidence showed that it is probably complex. In 1907, U. Or bain, 
and in 1908, C. A. von Welsbaeh, described how ytterbium could be resolved 
into two elemental forms. The latter suggested the name aldebammum 
and cassiopeium for the components of the old ytterbium ; but (1. Urbain is 
considered to be the discoverer of these two elements and has terms »eo-y terhmm 
or simply ytterbium, and lutecium are now generally al '°P^’,, lh " ""/ and 
(i TJrbain’s paleo-vtterbium was xenotime. The lines A— 5104 6, 5)67 4, an 
5009-7 do no/appear in the are spectrum of lutecium, or neo-ytterbium, the com- 
pTeisof ytterWa ; but they appear in the spectrum of paieo-ytterb.um Hence 
it i 8 inferred that ytterbium must contain yet another clement, different from the 

th 7heTmenrne“o en )dterbium and lutecium occur J 

which contain yttrium^ but t e amo^m s are sma ^ nient Bourco s of these 

ytterbium consisted sfcart i„g.point is the soluble double alkali 

Tto IMtatiOU 0 ? r ^^^ rb ^ r T 0 ^ h Letw" of fractionation can be employed 
sulphates f .^.^/XaU hvdride ammonia, or aniline; the oxide process ; 

YOU V, 



706 INORGANIC AND THEORETICAL CHEMISTRY . 

and lutecium, but he could obtain no spectroscopic indication of such an element 
C. James fractioned the mixed bromates for ytterbium. At the end of a long series 
of fractional crystallizations of ytterbium nitrate derived from gadolinite using cone, 
nitric acid as solvent, G. Urbain obtained a non-crystallizable mother liquor which, 
with ammonia, furnished what he called ceUia. The new earth was afterwards 
shown to be a mixture of known earths. 

The spark spectrum of neo-ytterbium has been investigated by C. A. von 
Welsbach, 2 and F. Exner and E. Haschek. The arc lines have b&en measured by 

F. Exner and E. Haschek, J. M. Eder and E. Valenta, etc. J. Blumenfeld and 

G. Urbain found the more intense arc lines of purified neo-ytterbia are 2398-1, 
2464*5, 2512 1, 2538 7, 2653*9, 2776 4, 2784*8, 2831*1, 2891*5, 2970*7, 3005-9, 3031 -3, 
3107-9, and 3298*4. They found about 500 lines in the region between 2300 and 
3500. They also examined the ultra-violet spectra. The cathodic phosphorescent 
spectrum has been examined by G. Urbain. E. Friman measured the high frequency 
X-ray spectrum of ytterbium ; and E. Hjalmar the M-series of the X-ray spectrum. 

The spark spectrum of lutecium has been examined by C. A. von Welsbach, 
G. Urbain, and J. M. Eder and E. Yalenta. The arc spectrum of lutecium has also 
been investigated by J. M. Eder and E. Valenta, and by F. Exner and E. Haschek, 
etc. The more intense lines are 2615-50, 2911*53, 3077*75, 3198*27, 3254*45, 3281-89, 
3312-30, 3359*74, 3376*69, 3397-21, 3472*65, 3507*57, 3508*55, 3554*58, 3568*00, 
3624*10, 3636*41, 3876*80, 4124*87, 4184*40, 4518*74, 5476*88, 5983*92, 5984*32, 
6222*10, and 6463*40. The high frequency or X-ray spectrum of lutecium has been 
studied by E. Friman. The L-series of the X-ray Spectra of ytterbium and 
lutecium were measured by D. Coster and co-workers, E. Hjalmar, andM. Siegbahn, 
who gave for ytterbium, a 2 a'=l*6789; 1*66779; 1*472; jS 2 y= 1*412; 

y A 8« 1*265; 1*892; 77=1*618; y 2 0 = 1*225; ^=1*488; 0^=1 *448 ; and 

y 8 X= 1*221; and for lutecium, a 2 a'=r6236; 0^=1*61151; ; 

j3 2 y=l*366; y 1 3=l*220; / e =l*834; y 2 0 =1*184 ; &u= 1*434 ; ^=1*395 ; and 
yaX^l'lSO. For the M-series, E. Hjalmar, and G. Wentzel gave for ytterbium, 
a=8*123, j3=7‘895 ; and for lutecium, a=7818, j3=7’587. The cathodic phos- 
phorescent spectrum has been examined by G. Urbain. M. do Broglie and 
J. Carrera gave for the absorption coeff. of the K-series of X-ray spectra, Yb, 
67*23 ; and Lu, 68*34. A. Dauvillier, and B. Cabrera have discussed the magnetic 
properties of those elements. 

J. Blumenfeld and G, Urbain sought a new element between thulium and 
ytterbium, and considered it very unlikely that such a one exists. The in- 
dividuality of ytterbium, and lutecium fits in with H. G. J. Moseley’s work on the 
X-ray spectra, and with the assumption that these elements have the atomic 
numbers, Yb, 70; and Lu, 71 —vide infra . The atomic weight of paleo* 
ytterbium was found to be 172*5 by J. C. G. de Marignac ; 3 L. F. Nikon gave 
173*16 ; A. Cleve, 173*11 ; and B. Brauner, 173*08. In each case the at. wt. was 
computed from the ratio Yb 2 0 3 : Yb 2 (S0 4 ) 3 . For neo-ytterbium, G. Urbain first 
obtained 170*1 and 173*4 for luteoium ; later, from the analysis of the octohydrated 
sulphates, he obtained 170*66 for neo-ytterbium and 174*04 for lutecium. C. A. von 
Wekbach obtained 172*9 for neo-ytterbium and 174*25 for lutecium from the ratio 
R^SO*)* : R 2 0 3 ; and still later, he obtained neo-ytterbium 173*0 and lutecium 
175*0^ J. Blumenfeld^and G. Urbain obtained 173*54 for the at. wt. of neo-ytterbium. 
The International Table of Ut. wt. gives 173*5 as the best representative value for 
the at. wt. of ytterbium, and 175*0 for that of lutecium. 

A. Cleve found paleo-yttarbium oxide, or ytterbia, Yb 2 0 3 , to be colourless, but 
if it contains a trace of thulium, it assumes a brown or yellow tint. According to 
L. F. Nikon, the oxide has a sp. gr. 9*175, while L. F. Nikon and O. Pettersson found 
0*0646 for the Bp. ht. G. Urbain found neo-ytterbia was likewke white ; and is 
;more paramagnetic than lutecium. S. Meye%gave 18*3x10-* for the magnetic 
susceptibility ; and J. Blumenfeld and G. Urbain, 33*6 x 10~A L. F. Nikon, and 
J. C. G. de Marignac said that paleo-ytterbia fuses with difficulty ; and it dissolves 
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slowly in dil. acids in the cold, and rapidly when heated. J, C. G. de Marignac 
described paleo-ytterbium as a gelatinous precipitate, ytterbium hydroxide, Yb(OH) 3> 
obtained by adding ammonia to a soln. of the salt. C. A. von Welsbach obtained 
colourless luteeia, or lutecium oxide, Lu 2 0 3 ; G. Urbain said that it is four to five 
times less paramagnetic than neo-ytterbium. All these oxides and hydroxides react 
with acids to form colourless salts with no visible absorption spectrum. 

According to A. Cleve, a soln. of paleo-ytterbia in hydrochloric acid furnishes 
crystals of hexahydrated ytterbium chloride, YbCl 3 .6H 2 0 ; and the same salt is 
obtained by saturating the aq. soln. with hydrogen chloride. The salt is readily 
soluble in water, and is deliquescent. W. W. Coblentz studied the ultra-red trans- 
mission spectrum. Ytterbium chloride furnishes a chloroplatinate and chloroaurate. 
When the chloride is heated in a stream of hydrogen chloride it furnishes ytterbium 
oxychloride, YbOCl, as a white deliquescent mass. G. Urbain found anhydrous 
lutecium chloride, LuCl 3f to be more volatile than anhydrous neo-ytterbium chloride, 
YbCl 3 ; but' less so than scandium chloride. A. Cleve similarly made paleo- 
ytterbium bromide, YbBr3.8H 2 0, which is more deliquescent than the chloride. 
She also made the bromoplatinate. 

L. F. Nikon, and A. Cleve found that a boiling soln. of paleo-ytterbia in sulphuric 
acid furnishes crystals of octohydrated ytterbium sulphate, Yb 2 (S0 4 )3.8H 2 0, 
and similar crystak are obtained by spontaneous evaporation at ordinary temp. 
The sp. gr. of the crystak at 20° is 3 3 ; and L. F. Nikon gave 3 286. 1. F. Nikon 
and 0. Pettersson gave for the sp. ht. 0*1788. When heated, the octohydrate 
furnishes crystak of the anhydrous sulphate, Yb 2 (S0 4 ) 3 , which has a sp.^ gr. 3 62 
according to A. Cleve ; L. F. Nikon gave 3*793, and for the sp. ht. 0*1039. The 
solubility, like that of other rare earth sulphates, decreases with rise of temp. 
Expressing the Jesuits in grams of Yb 2 (S0 4 ) 8 in 100 grms. of water, A. Cleve 
found : 



15*5° 35° 

55° 

60° 

70° 

80° 

00’ 

100“ 

Yb,(S0 4 ) 3 

. 34-6 19*6 

11*6 

10*4 

7-22 

6-93 

• 5*83 

4*67 

At 18°, she gave for the cq. electrical conductivity, A, for 

soln. with a mol i 

of the salt 

in v litres of water at 18° : 








3*33 

6*67 

33 33 

333-3 

666-7 

3333 

6667 

A . 

. 20-7 

247 

35*3 

61-6 

74 

98 

105 


It is therefore inferred that the salt is much hydrolyzed in dil. aq soln. Neo- 
ytterbium sulphate was found by G. Urbain, and C. A von Welsbach to furmsh a 
similar octohydrate; likewise also with lutecium mUphate, Lu s 8 0 4 ) 8 .8H 8 0. 

According to A. Cleve, when ammonium carbonate is 
ytterbium nitrate, a gelatinous precipitate of normal ytterbium 
Yb 2 (C0 a ) 3 .4H 2 0, is obtained ; if an alkali carbonate is employed the preciytote 
retains alkali very tenaciously. The basic ytterbium Mm*"* 
YWOH)CO, H,0, i. tomrf by US 

l “ f .™ 1 " 1 “ ,b - 

total oarbon dioxide originally present-after boiling with water, . 

A £ Si Si Si- si SS Si 

On comparison with analogous result* from of theoAer carhonatee 

that ytterbium carbonate is more rapidly hydrolyzed than any of the other carbonate* 

W B'y^S^ting over sulphuric acid a soln. of paleo-vtterbia in nitric^ 
L. F.kilaon, and A. Cleve obtained deliquescent plates of tohydrated . 

Utalto,Yb(N0 3 )8.3H 2 0 ; while deliquescent *J*Wjf* EJJJjj; 

4HjO”crystallize from a cono. soln. in mtno acid. The ap. gr. u 2 682. Th* water 
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content of the crystals is smaller than is usually the case with the rare earth nitrates. 
A. Cleve made ytterbium orthophosphate, YbP0 4 .41H 2 0> as a gelatinous precipi- 
tate by adding disodium hydrophosphate to a soln. of paleo-ytterbium nitrate 
When the anhydrous sulphate is fused with metaphosphoric acid, and boiled with 
water, ytterbium metaphosphate, Yb(P0 3 ) 3 , is formed as a crystalline powder. 
On evaporation of the soln., a salt, Yb 2 0 3 . 2 P 2 05 . 5 H 2 0 , separates out. K. A. Wallroth 
made paleo-ytterbium' sodium pyrophosphate, NaYbP 2 0 7 , in microscopic prisms 
by fusing ytterbia with molten microcosmic salt. 

G. Urbain reported celtia or celtium oxide , Ct 2 0 3 , to be a white earth with a 
magnetic susceptibility about one-quarter the value of that of lutecia derived 
from xenotime. G. Urbain said that celtium hydroxide, Ct(0H) s , is a weaker base 
than lutecium hydroxide, Lu(0H) a , but is stronger than scandium hydroxide, 
Sc(OH)j. In other respects the properties of celtium compounds were said to be 
intermediate between those of lutoeium scandium compounds. After the 
discovery of hafnium, G. Urbain and fellow-workers revised the previous work on 
celtium and stated that celtium is probably the same element as hafnium, and is not 
a rare earth at all — vide hafnium. The only enduring fact is that A. Dauvillier 
found in these preparations, before the discovery of hafnium, the X-ray spectrum 
of a new element to which the old name was assigned. There are therefore two 
celtiums. G. Urbain’s evidence in favour of celtium-I proved to be worthless; 
and the evidence for celtium-I I was based on A. Dauvillier’s discovery of two feeble 
lines with wave-length 1561*8, and j8 2 =1319*4r, in the L-series of the X-ray 
spectrum of celtium. G. Urbain considered that these lines are in agreement 
with the at. number 72 ; and establish the right of celtium-II to a place in the periodic 
system. D. Coster and G. Hevesy claim that the element hafnium isolated by them 
fits the lacuna in the periodic table for an element with an at. number 72, better 
than G. Urbain’s celtium-I. The element occupying the gap in the periodic 
table corresponding with at. number 72 should be a homologue of titanium and 
zirconium, and be quadrivalent, and not a tervalent rare earth. The main 
reasons offered by D. Coster and G. Hevesy for assuming that celtium-II is not the 
same as hafnium, at. number 72, are : (i) There is no difficulty in purifying hafnia 
from the rare earths, but celtia is exceedingly difficult to isolate, (ii) Preparations 
of hafnium do not show the optical spectrum ascribed by G. Urbain to celtium. 
(iii) The X-ray spectrum of a preparation of an element sufficiently cone, to measure 
its magnetic properties should show very intense X-ray lines, not the weak ones found 
by*A. Dauvillier. These lines, moreover, do not coincide within the error of measure- 
ment with the lines found by D. Coster and G. Hevesy ; and (iv) Hafnium occurs 
more abundantly than celtium— vide hafnium (6. 43, 2). 
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CHAPTER XXXIX 

CARBON 

§ 1. The History of Carbon 

What have been the sources of that fascination which precious stones have from time 
immemorial exercised over the minds of men ? It is because they have acquired by tradition 
a prestige which fashion perpetuates ; a prestige rooted on strange attributes and mystic 
powers wherewith the fancies of five thousand years have endowed suoh stones ; a fashion 
that has been ever pandered to by a harpy host of money-making parasites, and has been 
fostered by that human weakness which, while endeavouring to associate what is pretty 
with what is costly in the materials chosen for personal ornament, is apt to attach more 
importance to their price than to their real beauty, in proportion as cupidity is a passion 
more common than refinement and taste. — Anon. (1806). 

The diamond has long been prized as a precious stone on account of its beauty, 
rarity, and permanence. As a gem-stone, it is altogether unique, for it is 
distinguished from all other precious stones by peculiar qualities. The diamond 
has been known to the Hindus from the remotest antiquity. The scholars tell 
us that the Hindu Vedas, 1100 to 1200 b.c., and the two epic poems Rama- 
yana and Mahabharata frequently refer to the marvellous light of the diamond. 
Many properties of the diamond are described in the Puranas, and still more parti- 
culars in the Brhatsanhita of the sixth century. Some Hindu proverbs relate 
to the hardness of the diamond— “ Diamond cuts diamond ; ” “ The heart of a 
magnate is harder than the diamond ; ” etc. No precise data concerning the 
diamond have been gleaned from Hindu sources. Consonant with their mystic 
temperament, and glowing imagination, the Hindus consecrated the diamond to 
their chief gods, and attributed to it sovereign virtues. Even in the seventeenth 
century, A. B. de Boot 1 gravely discussed whether the power of the diamond to dis- 
criminate between right and wrong, or between legal and illegal conjugal affection, 
bo a natural quality of the stone, or belongs to a spirit dwelling in the gem. 

According to Exodus (28. 18), the diamond was the sixth in order in the second 
row of the twelve precious stones on which the names of the children of Israel 
were engraved. These stones were jewels of the breast-plate of judgment worn 
by the High Priest. The diamond is also mentioned by the prophets Jeremiah' 
and Ezekiel. Many scholars, however, are not satisfied with these translations, 
and say that the words rendered diamond really signify a stone hard to break, or 
a stone used in breaking others. It is therefore considered to be very doubtful if 
the diamond was really known in the time of Moses. 

The dSa/Aas, the indomitable, of the Greeks, mentioned in the fourth century 
B.O., in the ll«pl twv LlBmv fhfiAiov of Theophrastus, is often translated diamond. 
The term is supposed to be derived from a, privative, and Sapto, to subdue, in refer- 
ence, said Pliny, “ to its unspeakable hardness, to its unconquerable fire-resisting 
qualities, and to the fact,that it is incapable of being heated . 1 The Persian term 
atom refers to the diamond. The scholars tell us it is probable that both the 
Greek and Persian terms are derived from the Hebrew word acMamah , or chalam, 
implying in one of its senses to be hard, and compact. The term adamas was £t 
•first used by the Greeks for some very hard metal, sometimes apparently for steel 
itself ; and subsequently the term came to be used for some precious stone of great 
hardness. Homer mentions the adamas in his description of the toilet of 
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If Homer’s adamas referred to the true diamond, E. Boutan said that it is very difficult 
to explain how a knowledge of this very precious stone was lost among a people 
whose sense of beauty was so well developed ; for, at the time of Plato, it is doubtful 
if the Greeks had any knowledge of its properties, or even of its existence. In his 
Historic naturalis (37. 15), about 77 a.d., Pliny has a strange jumble of truth and 
fable in his description of the adamas , and this in spite of his introductory claim : 

We shall refute the infamous lies that have been promulgated by the magicians about 
pteoious stones ; for it is more particularly about these stones that most of their fabulous 
stories have been circulated. Under the guise of ascertaining remedial virtues, they have 
stepped beyond all bounds, and entered the region of the phantasy. 

It could be argued from his narration that the diamond, as we know it, waB 
outside his ken. He applied the term adamas to several minerals— e.//. quartz, 
specular iron ore, corundum, emery, and other hard substances which cannot 
now be identified — and even hard metal. It is, however, possible that the 
Arabian and Indian varieties of adamas which he describes were truly diamonds. 
The description of the all-resplendent and brilliant adamas in Dionysius’ Perw/csis 
(5. 318, 1119), written some time after Pliny’s work, agrees better with crystals of 
quartz than with the true diamond. M. Manilius, in his astrological poem 
Astronomica (4. 920), made the earliest unequivocal mention of the true diamond — 
adamas, pretiosior auro — near the first century of our era. 

According to Pliny, the engravers of his time used fine particles of adamas for 
cutting the hardest substances known ; several other writers likewise mention 
this custom — e.g. P. J. Mariette, C. J. Solinus, St. Isidorus, Albertus Magnus, etc. 
According to J. Beckmann, however, there is no evidence to show that the ancients 
used diamond-dust for cutting the diamond into facets, etc., to render it brilliant ; 
nor is there any definite evidence that diamond pencils were UBed for engraving 
on diamonds. P. J. Mariette believed that they were not, C. A. Klotz behoved that 
they were, but L. Natter was doubtful. According to J. Beckmann, and A. Brongniart, 
the method of polishing diamonds was developed in 1456 by Ludwig von Berquem. 
According to C. W. King, the cutting of diamonds must have been practised much 
earlier in India, because the faceting of the famous Koh-i-noor , or mountain of light, 
dates back into uncertain time. It was formerly owned by the Rajah of Lahore, 
and is now included amongst the English crown jewels. 


The Cullinan is the largest known diamond. It was found near Pretoria (South Africa), 
January, 1905, and weighed 3025$ carats or over If lbs. It measured 4 x 24 x 2 ms. After 
cutting, it weighed about 800 carats, and was valued at about £100,000. It was presented 
to the King of England by Cape Colony in 1 909. The Regent or Pitt diamond shown in 
the Louvre with the French crown jewels, is the purest and finest stone known. H weighs 
1361 carats, and is valued at £480,000. The OrlojJ diamond was the largest diamond of 
the Russian crown jewels ; it has the appearance of. an irregular rosette, and weighed 
194} carats. The Florentine of the State treasury at Vienna weighs 133] carats ; it is pale 
yellow and is cut like a double rosette or briolette. The Sancy diamond weighs 53J carat* 
and is the property of an Indian prince. The Brazilian diamond Star of the South, weighing 
125 carat*, is also the property of an Indian prince. The Grand Mogul is also an Indian 
diamond weighing 279& carats. The Star of South Africa weighs 46 J carats and was sold 
for £25,000. The Victoria diamond of South Africa weighed 457 f carats uncut, and 180 
carats when cut. The Excdeior diamond, also from South Africa, woighed 97 1 J carats uncut. 
Thire are numerous other historic and celebrated diamonds. Stonej over an ounco in weigh 
are comparatively rare, * • 


Diamonds occur in their natural state as more or less rounded, rough-looking 
pebbles, not unlike pieces of gum arabic in appearance. The natural diamond must be 
cut and polished to bring out its lustre and sparkle. The diamond-cutting industry 
has developed largely in Amsterdam and Antwerp. The shape of the so-called 
mated as it leaves the diamond-cutter has no relation to the natural crystalline 
stoe. About half the mass of the diamond is loBt in the cutting. The object of« 
apidarist is to get the maximum reflection of light from the interior of the stone. 
xSp rose and brilliant, for instance, are standard shapes ; the latter has a rather 
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large flat face which is really the base of a pyramid with many sides (facets). The 
high reflecting and refracting power of the diamond are the particular qualities 
which make it supreme above other gems. In virtue of these qualities, the light 
falling on, say, the front face of a brilliant passes into the diamond, and is reflected 
from the interior surface of the facets. The reflected light is refracted into a wonder- 
ful play of “ lightning flashes, and sparkling scintillations ” as it passes into the 
air. 

Diamonds are sold by the carat. The terra carat is derived from the carob bean, 
formerly used as a small weight by the diamond merchants of India. The oarat represents 
the Roman siliqua or Greek Ktpanov. It was ^th of the golden solidus of Constantine 
which was 1th oz. The carat used for diamonds and other precious stones was originally 
j4 T th oz., or 31 grains ; but now, one carat corresponds with 0*207 gram of grains troy. 
Expressing the weights m milligrams, the carat at London is 206 , 409 ragrms. ; Paris, 205*500 ; 
Amsterdam, 205*700 ; Berlin, 205‘440 ; Vienna, 206*130 ; Madras, 207 353 ; Batavia, 
205*000; Florence, 197*200; etc. There are so many different countries with different 
values of the carat, that those interested are adopting the International carat of 200 mgrms., 
or 3*08647 grains troy. The carat is also used as a proportional measure, ^th, in stating 
the fineness of gold (q.v.). 

In the fourth century, St. Epiphany wrote a brochure on the diamond and 
other precious stones ; in the seventh century, St. Isodorus reproduced much of what 
Pliny and St. Epiphany had previously stated ; in the eleventh century, G. Marbodus 
wrote a small work on the subject, and M. C. Psellus described the medicinal virtues 
of the precious stones ; in the twelfth century, Abd Al-Malik ibn Muhammad ibn 
Ismail treated the subject systematically, and collected data on the properties of 
the gem-stones ; and in the sixteenth century appeared G. Agricola’s work which 
was compiled largely from that of Pliny. In the sixteenth century there also 
appeared the works of J. de Mandevil, and of Garcia da Orta. The nature of the 
diamond did not attract special attention until the seventeenth century. About 
this time appeared the treatise of A. B, de Boot. In studying the action of heat on 
the diamond, it will be shown how it was demonstrated that the diamond is a form of 
carbon ; or, as J. Dalton expressed it, carbon and the diamond are the same element 
in different states of aggregation. 

Many monographs have been published on the diamond and precious stones : e.g., in 
addition to some mentioned in the references, there are, among others, E. Boutan, Le diamant, 
Paris, 1886 ; Ibn Abi Bakr Abd Al-Rahman, De proprietatibus ac virtutibus medicis animalium, 
plantarum , ao gemmarum, Paris, 1647 ; A. Bacci, De gemmis ac lapidibna preiiosis, Roma, 
1577 ; J, W. Baumer, Historia naturalis lapidum preiiosorum, Francofurti, 1771 ; R. Belleau, 
Les hrnours et nouveaux ^changes dee pierres pricieuses, Paris, 1576 ; C. P. Brard, TraiU 
dea pierres pricieuscs , Paris, 1808 ; U. F. B. Briickmann, Abhondlung von Edelstein, 
Braunschweig, 1757 ; L. Dutena, De* pierres pricieuses et de* pierres fines, Paris, 1776; 
H. Engelfiardt, Die Lagenstatte der Diamanten in Ural Gebirge, Riga, 1830; W. von Esehwege, 
Piute Brasiliensis, Berlin, 1833 ; J. A. F. Fladung, Versuch Ube,r die Kennzcichen der Edel- 
sleins und deren vortheilha/testen Schnitt, Peuth, 1819 ; Wien, 1828 ; L. Feuchwanger, 
A Treatise on Gems, New York, 1838 ; G. Gimma, Della storia naturale ddle gemme, Napoli, 
1730 ; W. Haidinger, Beschreibende* Vcrzeichniss einer Sammlung von Diamanten , Wien, 
1852 ; H. de Blancourt, TraiU dcs pierres prkieuses, Paris, 1718 ; E. Jannetaz, E. Fontenay, 
E. Vanderheym, and A. Coutance, Diamcmt et pierres pricieuses, Paris, 1881 ; M. Bauer, 
Edelsteinkunde, Leipzig, 1896 ; P. Groth, Handbuch der Edelsteinkunde, Leipzig, 1887 ; 
D. Jeffries, A Treatise on Diamonds, London, 1750 j W. Jones, History and Mystery of 
Precious Stones, London, 1880; M. Kahler, De chrystallorum generations, Upsaliie, 1747 ; 
0. W. King, The Natural History, Ancient and Modem, of precious Stones and Gems, Londbn, 
1865 i C. F. Kunz, Gems and Precious Stones of North America, New York, 1890 ; A. Sehrauf, 
Handbuch der Edelsteinkunde, Wien, 1869 ; S. M. Burnham, Precious Stones, Boston, 1886 ; 
J. de Laet, De gemmis et lapidus, Paris, 1648 ; C. von Linnd, De crystdUorum generations , 
Upsali®, 1747 ; J. Mawe, A Treatise on Diamonds and Preoious Stones, London, 1823 ; 
R. Naldi, Ddle gemme e deUe regole per valutarle, Bologna, 1791 ; F. Kuspert, Ueber den 
Diamant, Leipzig, 1604 ; M. Pinder, De adamants, Berlin, 1829 ; M. D. Rothschild, Handbook 
b/PreeioUe Stones, New York, 1890 ; F. de la Rue, De gemmis, Paris, 1547 ; M. T. Sourindro, 
Manx Mala, or a Treatise on Gems, Calcutta, 1879 ; A. H. Church, Precious Stones, London, 
4883 ; W. R. Cat telle, Precious Stones, Philadelphia, 1903 ; E. W. Streeter, The Great 
Diamonds of the World, London, 1882; Precious Stones and Gems , London, 1882; 
A. Castellani, Ddle gemme, Firenze, 1870; K. E. Kluge, Handbuch der Edelsteinkunde, 
Leipzig, 1860 ; N. Venette, TraiU des pierres, Amsterdam, 1701 ; W. Rau, Edelsteinkunde 
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• ^ “ dic ^ in connection with the history of tin, lead, molybdenum, and 
galena, Aristotle, 2 Dioscondes, Plmy, and Gahlen used the terms molubda m add 
galena in no very precise way for the sulphide and for oxidized ores and other 
products, rimy used the term plumbago for a mineral product a kind of litharge 
also denoted by the words nwlybdama and galena ; as well as for the name of a plant, 
and for a lead-like colour. In some sixteenth-century translations of Dioscorides 
-—xl. .Barbarus, J. Ruellinus, and M. Virgilius — the term plumbago is used as the 
r a f™ nt P°^^ aiVa - the sixteenth century, G. Agricola, 0. Kntzelt 
° ‘iwl/ ’ an( ^ J' ^ a ^ ie8 ^ us regarded plumbago , golem, and molybdma as identical 
with Gwjwte or the modern galem. The galena sterilis of G. Agricola was probably 
graphite ; and his galem imnis , zinc blende. According to J. *W. Evans, one of 
the earliest references to graphite and its use for pencils occurs in C. Gcsner's De 
rerum fossilium, lapidium , et gemmarium (Zurich, 104, 1565), where a drawing occurs 
showing the black-lead fixed into a handle. He added, on the authority of 
G. Agricola, J, H. G. von Justi, and J. Beckmann, 


The flaky graphite of Bavaria lias been worked from prehistoric times for mixing with 
clay to form pottery, and the Passau or Ips crucibles, in which this material was employed, 
were widely used, but it does not seem to have boon employed for writing so early as that 
from the Borrowdale mine, near Keswick, in Cuml>erland, which was for some three centuries 
the principal source of supply of the mineral for this purpose. Metallic lead and silver 
were used in both ancient and mediaeval times for drawing lines. Subsequently in the 
early renascence an alloy of two parts of lead and one of tin, known as lo stile del piombo or 
lapis piombino, was employed for drawing Theso terms wero probably transferred to 
graphite when it came into use. 


A. Caesalpinus, and F. Imperato, in 1599, also made observations on the use of 
graphite for crucibles. J. Mathesius referred to einem mwem xml Selbxvachsenen 
Metall used for writing which J. W. Evans said must have been graphite, and 
H. Platte, W. Camden, and others refer to graphite under the name black-lead , 
although as a translation of Pliny’s plumbum nigrum the term was uset^ by 
B. Anglicus, J. Marplet, and others in the sense of metallic lead. At the end of 
the sixteenth century, F. Imperator referred to the use of grajio piombino for writing, 
and the Italian grajio is derived from the Latin grapkium , a style for "writing, 
and the Greek ypa<f>uov, a style for writing. In 1627, J. 0, Boulanger referred to 
plumbea graphis , and galena piclom , which J. W. Evans considers to be represented 
by the French crayon de mine, and plomb de mer, terms used for gTaphite. C. Merrett, 
and W. Charleton used the term nigrica fabilis for graphite ; and in 1671, J. Webster 
wrote concerning graphite : 

It cannot be amiss to say someting of that which wo commonly call HUirlc-Leart, because 
it discoloureth the hands far more than common Lead, and is that whereof pencils are made 
for Painters and Scriveners, and many other such like qpes. in tho North we call it 
Kellow, and some call it Wadi. ... All that we can say here concerning galena, plumbago, 
lapis plurabariUs, and molybdaena is that there is much said to no little purpose, and that 
in some respects they may be taken for all one. 

In his posthumous Minerali (Hamburg, 1689), J, Junge applied the term 
pseudo-galena to galem imnis or galena sterilis, and for a time this usage 
was followed by J. G. Wallerius, G. Hoffmann and J. B. Boehmer, A. G. Monnet 
and others. J. Junge also referred to plumbago scriptoria and plumbago anglica , # 
meaning graphite. In the English translation of P. Pomet’s Histoire general de* 
drogues (Paris, 1694), mine de plomb noire or mine de plomb is rendered black-lead / 
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and plombagtM and pbmb de mer are rendered respectively plumbago and sea-lead; 
All these terms refer to graphite. R. Plot suggested calling graphite ochra nigra or 
black ochre . During the seventeenth and eighteenth centuries, lapis plumbaHus, 
plumbago, galena, and sometimes molybdwm were employed for graphite, and the 
mineral called molybdenite. It was soon found that graphite (and molybdenite) do 
not contain lead. In a paper on graphite entitled : Examen chymicum plumbi 
smptorn mlgo plumhaginis, J. H. Pott, in 1740, gave a long list of synonyms which 
had been used by different peoples for graphite. He showed that this substance 
dpes not contain sulphur or zinc ; and that it is decomposed by fused potassium 
mtrate He probably worked with a graphite containing some pyrites, for he 
concluded that it is a terra talcosa, igni et menstruis indomita, pauco martiali et 
paucme mdo vitriolico. J. W. Baumer first showed that the minerals referred to 
by rmlybdcem and its numerous synonyms contained two different substances, one 

° f 7, ^ nt • mmg Some iron > was combusti *>le. The confusion between graphite 
and molybdenite, then called plumbago or molybdeena, was cleared when C. W. 
Scheele demonstrated that when plumbago is heated with saltpetre, it is transformed 
into carbon dioxide. Hence, he concluded : “ plumbago is a kind of mineral char- 
coal the constituent parts of which are aerial acid (carbon dioxide) and a considerable 
quantity of phlogiston” -He further demonstrated that molybdsena is a compound 
of sulphur with a peculiar acid of a metallic nature. There does not appear any 
definite reason, other than chance, why C. W. Scheele applied the term Zlyhdwna 
to molybdenite and blyerts or plumbago to graphite, because previously the term 
molybdffina had been more frequently applied to graphite. C. W. Scheele’s appli- 
Taw thC term8 /ecidedsubsequent usage. In order to prevent further confusion, 

dkLSm *”*** Pr ° P ° 8ed the term for P luinba S° as 

Although C. W. Scheele showed that the small amount of iron oxide which occurs 
associated with graphite “ can hardly be taken into account, for it seems to be mixed 

th it only mechanically,” yet several later observers assumed that the iron is an 
essential part of graphite. It. J. Haiiy called it carbure defer because of the analysis 
of C A Vandermonde, G. Monge, and 0. L. Berthollet-carbon, 909 per cent.; 
mm, 9 1 per cent. L. B. Guyton de Morveau regarded the graphite he obtained 
from cast-iron as an iron carbide ; but C. J. B. Karsten showed that the iron in this 

F*.TTi! 9 xT e °£ an J! C ? Ily mlxed wltb the grapMe ! and this view was also demon- 
strated by N. G. Sef strom. L. Vanuxem also showed that the iron exists in the 
mineral graphite as oxide and that it is an accidental impurity, and not an essential 
cons, i uen , and B. Pelletier demonstrated that plumbago is une substance 
'par ku \ c. .. lea substances dans lesquelles Vair fixe ne paroit pas entrer, donnent 
apris leur deemnpositwn des indices de cet tire. The name Oraphit is used in Germany 
where the term Rex sblm stiU survives ; in France, the terms mine de plomb, plomhaqine, 
andsrapAtfe ate used ; in England, black-lead, plumbago, and graphite ; in Italy, 
VrojWe, and jnombaggtne ; and in Spain, according to E. Halse, grape, plombagim, 
Tf’ ‘T f omo ’ dwM carbon, chaeal, mine de plomo, and piedra mineral de 
ptomo. Soot must have been used from the earliest times as a colouring agent, 
f* ma ^f« °i a kind of ink. A further contribution to the history of the 
su^^OM !T * PlUte ’ et °.'’ M mdloated m connection with the action of heat on these 

The deposits of graphite at Borrowdale (Cumberland) were worked about 1560 
Aoeorirng to C. A. Mitchell, W. W. F. Petrie discovered a lump of impure paphi£ 
'J”~ 39 of carbon > at Ghorub, and this must have dated baok to a period 

’ and 1200 b.o. There is, however, no evidence of the use of grE 
■ m a lament in anoient Egypt. C. T. Schonemann said that lines in bhmk lead 
dOSiSS- ... ? n “me eleventh- or twelfth-century works in the Wolfenbfittel 
nd Gottingen libraries, but C. A. Mitchell considers that graphite was here mistaken : 
5*a? • r r £ lead ' He also examined the markings in the British Museum and 
JJoaieian Libraries, but found none earlier than 1640. 
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§ 2 . The Occurrence of Carbon 

Carbon occurs in nature in many forms. It occurs crystallized as the diamond 
and, 118 graphite. It is the dominant element in organic matter. It is the » 
principal element in coal. Natural gas, petroleum, and bitumen are essentially 
hydrocarbons. Carbon dioxide is a normal constituent of the atm. ; and carbonic 



716 


INORGANIC AND THEORETICAL CHEMISTRY 


acid and carbonates occur in most natural waters. The carbonates of calcium, 
magnesium, and iron form great masses of rock. Carbon is also present in a few 
naturally occurring silicates. 

Reviewing the known analyses of terrestrial matters, F. W. Clarke 1 placed 
carbon 12th in the series showing the relative abundance of the different 
elements. It is less abundant than chlorine, titanium, and hydrogen, and more 
abundant than phosphorus, sulphur, and barium. The averages in the following 
excerpta include the atm. : 



O 

Si . . . 

Ti 

Cl 

C 

P 

s 

Ba . . 

Lithosphere . 

. 47-33 

27-74 

0-46 

0-06 

0-19 

0-12 

0*12 

0‘08 

Hydrosphere . 

. 85-79 

— 

— 

2-07 

0-002 


0-09 


Average 

. 50-02 

25-80 

0-43 

0-20 

0-18 

0-11 

0*11 

0*08 


F. W. Clarke and H. 8. Washington place carbon 13th in the list, with 0*13 
per cent. For the lithosphere, the carbonates occur 11th in the series : 



Ignoous rocks. 

Shalca. 

8iO., . 

. 59-83 

5810 

h 2 o . 

TiOj, . 

1*90 
. 0-79 

5-00 

0-65 

ZrO, . 

. 0023 



C0 2 . 

. 0-49 

2-63 

P a 0 6 . . 

. 0-29 

0-17 


Sandstones. Limestones. Weighted Average, 


7833 5-19 59-77 

1*63 0-77 202 

0*25 0*06 0-77 

— — 002 

5 03 41*5t 0-70 

0-08 004 0-28 


The occurrence of carbon in the sun has been investigated spectroscopically by 
J. N. Lockyer, 2 J. Dewar, J. Trowbridge and C. C. Hutchins, H. A. Rowland, etc. 
The fainter red stars like Schjellerup are characterized by shaded bands which are 
attributed to carbon ; the bands are darkest on the red side of the spectrum, and 
fade away towards the blue. W. Huggins, and B. Hasselberg also stated that the 
spectra of various comets all show the hydrocarbon spectrum. A. Fowler has 
examined the spectrum of Morehouse’s comet. 

Diamonds are sparsely distributed in different parts of the world; they 
sometimes occur like alluvial gold in the beds of rivers and streams, and the river 
stones are usually the most highly prized, and valuable. The diamonds which are 
not alluvial, are found in a heterogeneous mixture of fragments of various rocks 
and minerals 3 cemented together with a bluish-green indurated clay known as 
blue earth , or blue clay. The diamonds are found imbedded in the blue earth. The 
mines in India 4 are the oldest; and they yielded the finest and most prized diamonds. 
Diamonds occur in Nisam near the river Kistna ; in Sambalpur near the rivers Goda- 
vari and Mahanadi ; and in Bundelkhand, near Panna. There are mines in the west 
and south-east of Borneo. The region of Minas Geraes (Diamantina, near Abaet£, 
Bagagefh, Grao Mogul, Bahia,, etc.) in Brazil has long been famed for its diamond 
mines. Diamonds have been reported in British Guiana, Columbia, and Mexico ; 
and in the United States — California, Oregon, Idaho, Montana, Arizona, Indiana, 
Kentucky, Tennessee, Georgia, North and South Carolina, Virginia, Wisconsin, and 
Michigan. Diamonds were discovered in the Urals about 1829 ; and in Australia 
%bout 1852. The diamond fields of South Africa— Jagersfontein, Koffyfontein, 
Kimberley, etc.— have been the most prolific source of diamonds in recent years. 

The blue earth is mined, and exposed to the weather on the veld. The earth may 
with advantage be frequently *harro wed and occasionally watered. In about a year, the 
blue earth becomes friable 4 and disintegrates. The stuff is then oonveyed to the crushing 
machinery and washers, where the clay is separated into earth and gravel. The diamanti- 
ferous gravel is then oonveyed to sifters, where it is graded. Each grade drops on to pulsator 
tables, where it is sorted into materials of different sp. gr. The higher portion is washed by 
water to the end of the trough and conveyed to the heap of tailings : the heavier portions 
fall through a grating and are oonveyed to percussion or shaking tables smeared with grease. 
The diamonds adhere to the grease, and the other constituents flow as tailings over the end 
v of the percussion tables. The tailings may be dribbled on to a second shaking table ; and 
the rejeot from this may be examined and any diamonds pioked out. The grease is scraped 
from the tables, and is placed in a pot which is immersed in a cauldron of boiling water. 
The grease is recovered to be used again, and the diamonds are then examined on 
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sorting table, where the true diamonds are separated from pyrites, barytes, etc., by hand- 
picking. J 

J. Thoulet discussed the occurrence of diamonds on the bed of the sea in the 
Gulf of Gascogne. Diamonds have been found in meteorites by E. Mallard , <• 
n w ' 01 j S ? nj a . n< ^ Huntington, F. von Sandberger, A. Daubrfo, 

C. Friedel, etc. G. A. Konig and A. E. Foote described the Canyon Diablo meteorite 
(Anzdtaa, U.S.A.), which contained both black and transparent diamonds ; W. Will 
and J. Pinnow, the meteoritic stone of Carcote (Chile); and M. JeroKeff and 
P. Latschinoff, that of Novo-Urei (Russia). 

Graphite is very widely distributed over the surface of t he globe,® but most 
graphites are so impure by intimate admixture with other minerals -quarts and 
mica and the cost of transport is so great, that only a few deposits are of commercial 
importance. The bulk of the world’s supply of graphite is obtained chiefly from 
Ceylon, Austria, Bavaria, Siberia, the United States, and Canada. There are, how- 
ever, workable deposits in many other places. It occurs (i) in veins running 
through cracks in gneiss, limestones, pegmatite, and eruptive rocks— c.//. the 
deposits at Ceylon, Borrowdale (Cumberland), and Batugal (Siberia) ; (ii) bedded 
masses — e.g. in Ontario (Canada), Passau (Bavaria), Madagascar, Sehwarzbach- 
Kruman (Bavaria), and Styrian Alps ; and (iii) it is also found disseminated through 
many rocks in scattered scales or plates. Graphitic granite, gneiss, mica schist, 
quartzite, pegmatite, and felspar are well known in various localities. The 
Laurentian limestones of Canada are graphitic. 

Graphite has been reported from extra-terrestrial sources. Thus, it has been 
found in some of the most famous meteorites- e.g, Lenarto (Hungary) in 1815 ; 
Benedego (Bahia) in 1816 ; Bohumilitz (Bohemia) in 1829 ; Sevier (Crosly (’reek) 
in 1840 ; Congford (Tennessee) in 1845 ; Chartago (Tennessee) in 1846 ; Seelasgcn 
(Brandenburg) in 1847 ; Chesterville (South Carolina) in 1847 ; Kaba (Hungary) 
in 1857 ; etc. The subject has been discussed by C. Reichenbach, 7 M. Berthelot, 
A. Daubr4e, H. Moissan, J. L. Smith, W. Tassin, R. Brauns, S. Meunier, L. Troost, 
W. Flight, G. Ansdell and J. Dewar, etc. Some of the largest and best-developed 
crystals of graphite have been obtained from meteorites. 

The ohief monographs on graph itp are ; E. Wienscherik, Der Graphite, seine wichtigsten 
Vorkommnisse und seine texhnische Verwendutuj , Leipzig, 1904; Zur Kenntniss der Graphit- 
lagerstatten, Miinchen, 1900; F. Muck, Die Steinkohlen Chetnie, Bonn, 1881 ; E. Doneth, 
Der Graphit , Leipzig, 1904; F. Cirkel, Graphite, its Properties , Occurrence, Refining, and 
Uses, Ottawa, 1907; H. Weger, Der Graphit, Berlin, 1872; A. Hasnig, Der Graphit, Wien, 
1910; H. S. Spence, Graphite, Ottawa, 1920. • 
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§ 3. The Different Forms o! Carbon— Allotropy 

What are allotropio states T Curious states which chemists frequently dispose of by 
calling them allotropio, a term frequently used when they are puzzled to know what has 
happened. — W. S. Jevons. 

ft matters much with what others, and in what positions, the same atoms are held 
together. . . . When the configuration of the atoms is changed, the properties of the body 
which is formed from them must also ohange.— Lucretius (b.c. 00). 

Near the beginning of the nineteenth century, chemists — e.g. H. Davy 1 — 
recognized that carbon occurs in three different forms which they called diamond, 
graphite, and amorphous carbon. H. C. Sorby proposed four classes : diamond — 
octahedral crystals, sp. gr. 3*52 ; graphite— hexagonal crystals, sp. gr. 218 ; -hard 
coke — cubic orystals, sp. gr. 189 ; and anthracite — quadratic crystals, sp. gr. 1*76. 
H» F. Weber said that the sp. hts. give no evidence of the existence of three 
intrinsically different forms of carbon, and he considers that there are only two forms 
of carbon, one transparent and the other opaque. This fits P. Debye and P. Scherrer’s 
observations on th6 X-ray spectra of graphite and amorphous carbon, since both 
have the same internal crystalline structure — vide infra. The physical properties 
of graphite are usually intermediate between those of the diamond and of amorphous 
cafbon-— vide Table I. The electrical conductivity is exceptional because, according 
to G. Wiedemann and R. FrqpVs rule (3* 21, 6), the ratio of the thermal and electrical 
conductivities of the metals is approximately constant ; the thermal conductivity 
< of graphite is normal, while the electrical conductivity is abnormal. The explanation 
is not known. 

A. Breithaupt found a mineral in the day shales of Singbhom, near Calcutta ; its 
mk gr. was 1*9; and he considered it to be a special variety of carbon. A. von 
Inoetranzeff found a black lustrous variety of what he called schungite, near Schunga 
(Russia). The sp. gr. of dried schungite is 1*981. A. Sauer found a variety of oar bon In 
the gneiss, mica schists, and quartzite formations near Wiesenthal (Saxony). He called 
it graphitoid, E. Weinschenk considered it to be graphite. W. Luzi regarded graphitoid 
as a variety of oarbon with over. 96 per oent. carbon, and falling between anthracite and 
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P. and L. Schiitzenberger stated that the carbon obtained from cyanogen is 
from other forma of this element. According to C. de Douhet, the so-oaUed 
anthracitic diamond of Brazil contains 97 per cent, of carbon. It occurs in spherical masses, 
and its sp. gr. is 1-66. As G. B. Trener pointed out, it is not clear if many of these substances 
are graphite, amorphous carbon, or a mixture of the two. 



Table I. — A Comparison of Some Properties of Different Forms of Carbon. 


Physical property. 


Specific gravity . 

Heat of combustion (Cals.) 
Ignition temp, in oxygen 
Coeff. vol. expansion . 
Thermal conductivity 
Speciflo heat 
Electrical conductivity 



Diamond, 

Graphite. 


3*5 

2*10-2*62 


94*31 

94*81 

. 

800°-876° 

osomoo* 


0*00000375 

0*0000104 


0*33 

0*0117 


0*1128 

0*1604 


2*1x10 u 

0*082 X 10* 


j Amorphous carbon. 


1*30-200 
07*66 
300"-500° 
0*0000162 
0 000406 
0*1663 
O' 25 


In his Recherches sur les etats du carbarn (Paris, 1870), M. Berthelot showed that 
graphite could not be characterized as une espke define. Before that time all 
varieties of carbon leaving a grey mark on paper were called graphite. There 
appears to be continuous series ranging from those varieties of carbon with a sp. gr. 
just below that of the diamond, to that of amorphous carbon, 1*6. Well-defined 
graphite, and amorphous carbon were supposed to differ in the degree of polymeriza- 
tion, and L. Staudenmaier showed that free carbon atoms have a marked tendency 
to associate into complexes to a higher and higher degree as the temp, rises, furnishing 
a series of modifications of carbon. M. Berthelot applied B. 0. Brodie’s nitric acid 
reaction as a criterion for distinguishing graphites from other forms of carbon. 
He arbitrarily defined a graphite to bo any variety of carbon which furnishes graphitic 
acid on* oxidation with a hot mixture of potassium chlorate and nitric acid — vide 
infra, action of nitric acid on graphite. Neither diamond nor charcoal yield graphitic 
acid, and B. C. Brodie believed that graphite may accordingly be regarded as a 
peculiar radicle to which he gave the name graphon. H. Moissan accepted this 
definition of a graphite, and, in his Recherches sur les differentes varieth du carbone 
(Paris, 1896), showed that the complete oxidation of some graphites by M. Berthelot’s 
method requires six to eight successive treatments, but when the process is applied 
in the following manner, with nitric acid prepared by distillation from recently fused 
nitre with a large excess of boiling sulphuric acid, the application is simplified : « 


Dry graphite is added to cone, nitric acid, and then small amounts of dryohlorate; 
the oxidation is far more rapid and, in the case of natural graphites, the result is apparent 
at the end of the first treatment. Far more chlorate 
than graphite must be used, weight for weight. The 
oxidation must last some twelve hours and finish at 60 a . 

Care must be taken at the outset not to bring the 
mixture of chlorate, nitrio acid, and carbon up to 60°, 
or rather violent explosions may take place. The 
admixture of the smallest amount of organic matter 
must also be avoided. At the end of these oxidations, 
the graphitic oxide, obtained in more or less well- 
defined crystals, has always the same greasy appear- 
ance and the same light yellow oolour. 

. P; Schafh&utl, R. P. Marchand, and B. C. 

Bpdie further showed that some natural gra- 
phites after having been heated in the presence 
of sulphuric acid, or a mixture of that acid with 
potassium chlorate or nitric acid, increase largely 
iu volume when subsequently heated on a platinum 
M ; and W. Luzi further showed that it is suf- . 

fieient to moisten the graphite with a sm^ll amount of nitric acid to cause it to swell 
ithen heated, and to produce vermiform or dendritic projections— illustrated Fig. 1— 



F 19 . 1. — Vermiculites from 
Swelling Graphites, 
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with a circumference from a quarter to half an inch, and a length extending 
up to several inches, and bent or twisted in regular curves. The vermiculites 
consist of a number of oblong cells densely grouped together, and •exhibiting 
on the outer surface long parallel folds and wrinkles. These forms always rise 
to the surface when placed in alcohol or water, and behave thus even when 
thoroughly soaked with liquid. The vermiculites can be readily pressed into 
different forms, and compressed between the fingers. The internal structure 
exhibits planes of highly metallic lustre which, according to E. Donath, are 
supposed to represent crystallization. W. Luzi, 0. Ludecke, H. Moissan, and 
F. Sestini then proposed to divide the graphites into two classes : (i) Those 
which swell after treatment with nitric acid were called graphites. 

To this group belong graphites from Ceylon, Ticonderoga, Amity (New York State), 
Grenville, and Buckingham, Province of Quebec ; Borrowdale, England ; Monte Rosa, 
Calabria ; Bamlo Skiitteriid, Norway ; Mar bach, Lower Austria ; Pfafienreuth, near 
Passau, Bavaria ; and Spain. 

(ii) Those which do not swell under these conditions were called graphitites. 

To this group belong graphites from Alstadt (Moravia) ; Krumau, Schwarzbach, Mugrau 
(Bohemia); Passau (Bavaria) ; Saxonian graphite ; Irkutsk, Tunguska (Siberia) ; Storgard, 
(Finland) ; Karsock and Omesnack (Greenland) ; Colfax County (New Mexico) ; South 
Australia ; Takascliimiza (Japan) ; and Leriglioni, Monte Pisano, Italy. Also all artificial 
graphites made by electric processes. 

H. Moissan found that all the graphites obtained solely by the help of a very 
high temp, on any variety of carbon-diamond or lampblack — or by the con- 
densation of carbon vap., showed no tendency to swell under the action of cone, 
nitric acid. On the contrary, all graphites prepared at a high temp, by dissolving 
oarbon in a metal— zirconium, vanadium, molybdenum, tungsten, uranium, 
chromium, iron, and aluminium— swelled readily. Graphite from low temp, iron 
did not swell, but that from iron which had been heated to a high temp, swelled 
abundantly. 

E. Weinschenk attributed the different behaviour of various kinds of graphites 
in nitric acid to a difference in their structure. The graphites which expand so much 
in volume by the nitric acid treatment usually consist of very thin, minute scales or 
plates, which, on account of their capillary structure, suck up the acid, and swell 
up through the gases produced during the action of heat on the acid. Graphite 
ancj graphitite, said he, differ only in their state of division, but are otherwise strictly 
identical. L. Jpczewsky has opposed this statement. 

According to E. Weinschenk, the term amorphous graphite is a misnomer because 
it refeA to varieties characterized by a compact dense structure, but which other- 
wise, like the larger lamellar aggregates, really consist of minute crystals. Graphite 
may be in so fine a state of subdivision that it is difficult to recognize its crystalline 
structure, “ in all cases, the limit between crystalline and amorphous carbon is so 
sharp and distinct that a transition from one to the other is out of the question.” 
L. Forquignon stated that the carbon of malleable cast iron is wholly combined with 
the iron. The metal is softened at a temp, below the m.p., and there is a segregation 
of graphite throughout the whole mass. This graphite furnishes graphitic acid, 
but it is “ absolutely amorphous eveu when magnified x 400.” This test for 
crystallinity is inadequate ; r since internal structure not external form is the only 
test that can now be recognized when dealing with pulverulent substances. 

> Some diamonds are dark grey and even black. They exhibit a more or less 
imperfect crystalline structure, and are known as black diamonds, hort i or bOftrt, 
or carbonado. Boart is an imperfectly crystallized, translucent, dark-coloured 
diamond Which has various colours, but no clear portions, and is therefore useless 
as a gem ; boart is used in the drilling of rocks, and in cutting and polishing other 
stones. Carbonado is the Brazilian term for a still less perfectly crystallized black 
diamond. It is as hard as boart, and hob similar uses. Boart and carbonado are 
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usually regarded as forms intermediate between diamonds and graphite. They 
occur in the diamond fields, and were synthesized by H. Moissan 2 who, in his 
Reckerches sur les differentes varietes de carbon* , showed that if silver be substituted 
for iron, only black diamonds are produced. 

Amorphous carbon is often taken to include coke, gas carbon, anthracite, soot, 
lampblack, animal charcoal, wood charcoal, and the forms of carbon which separate 
during the decomposition of many chemical compounds— vide infra. M. Berthelot 
obtained a product which he called benzene carbon , by heating benzene, naphthalene, 
etc., with a quantity of hydriodic acid insufficient for complete saturation. 
C..F. Cross and E. J. Bevan obtained what they called pseudo-carbon, by the dry 
distillation of cellulose, or by heating it with a dehydrating agent. It is probablo 
that bituminous coals are hydrocarbons. 

The work of J. L. Proust discussed in the first volume (1. 2, 10) led to the idea 
that substances containing the same elements united in the same proportions must 
of necessity have the same chemical properties. In the early part of the nineteenth 
century this conception was regarded as axiomatic ; but facts began to accumulate 
which rendered a revision necessary. Referring to M. Faraday’s discovery 3 of 
two hydrocarbons with the same elements united in the same proportion but with 
very different properties, J. J. Berzelius said in 1827 : 

Definite knowledge concerning this phenomenon is of such significance in the theory of 
the composition of animal and vegetable substances, and baa such an important Iwaring 
in organic chemistry, that it must not be accepted as demonstrated until its truth hua 
been subjected to the most severe proof. 

The discovery that racemic and tartaric acids ; cyanic and fulminic acids ; and 
a- and j3-stannic oxides have the same percentage composition, but different 
properties, led J. J. Berzelius (1832) to adopt the implication ; and suggest that the 
simple atoms of which substances are composed may unite with each other in different 
ways. He added : 

E. Mitscherlich’s remarkable discovery that substances conqiosed of different elements, 
but containing these in the same atomic ratio and arranged in the same manner, crystallise 
in the same form or are isomorphous, as we now say, has thus received its complement ; 
and this complement consists in the discovery that Ixxiies exist composed of an equal number 
of atoms of the same elements, arranged, however, in an unlike manner, and possessing 
therefore different chemical properties and crystalline forms, i.e. that they are hetero- 
morphous. If further investigation should confirm this view, an important stop would 
have been taken in the advancement of our theoretical knowledge concerning the compqpi- 
tion of substances. But since it is requisite that we should bo able to express our conceptions 
by definite and appropriately chosen terms, 1 have proposed to call substances of the same 
composition and of different properties “ isomeric, ” from the Greek looiupfo (composed 
of equal parts). 

Related phenomena were quickly discovered, and it became necessary to define 
more accurately the meaning of the term isomerism. Freely translating 
J. J. Berzelius’ further remarks (1833) : 

The cases where bodies like the two stannic oxides have the same absolute and relative 
number of the same elements, and the same mol. wt., must not be confounded with others 
in which the relative number of atoms is the same, but not the absolute number. Thus 
the relative number of carbon and hydrogen atoms in ethylene, CVH 4 , and in the hydro- 
carbon oil, C 4 H*. is identically the same (i.e. the number o* atqpif of hydrogen is twice 
that of carbon), but one atom of the gaseous substance contains only two atoms of 
carbon and four of hydrogen, =C,H 4 , whilst one atom of the hydrocarbon oil contains 
four at&ms of carbon and eight atoms of hydrogen, «C 4 H, For the designation of this type 
of similarity in composition combined with dissimilarity in properties, I would suggest 
the term polymeric (from noAuf, many). But there are yet other relations m which sub- 
stances appear isomeric in the true sense of the word without actually beuig so. Such 
a ease arises when substances consist of two compound atoms of the first order, which are 
related to one another in different ways and which in consequence con form dissimilar 
combinations, e.g. stannous sulphate, SnS0 4 , and stannic oxysulplute, contain the same 
absolute and relative number of atoms of the same elements and have the same at, wt., 
but (in case the Utter salt should exist) they could not be considered as one and the same 
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substance. Substances of this kind, with time or change of temp., suffer a transposition 
of their components without anything being added or taken away, and a combination of 
different constitution is formed. ... In order precisely to differentiate such cases from 
isomerism, we may use for them the designation of metameric substances (from pera), in 
the same sense as in metamorphosis. 


The terms isomeric, polymeric, and metameric here coined were not always used 
consistently, and they are not now used in quite the same way as that suggested by 
J. J. Berzelius ; not all are agreed even to-day. Thus, A. Kekule, H. von Fehling, 
E. Fr^my, A. Ladenburg, L. Meyer, and W. Nernst give for substances with the 
same percentage composition : 


Isomerism] 


Mol. wt. same 
Mol. wt. different 


Metamerism. 

PoLYMERISM. 


H. E. Roscoe and C. Schorlemmer, A. Bernthsen, and V. von Richter give for sub- 
stances with the same percentage composition : 


( Mol. wt. different 

/ Radicles different 
(Mol. wt. same < « , 

v \ Radicles same . 


POLYMERISM. 

Metamerism, 

Isomerism. 


J. J. Berzelius, and H. E. Armstrong used a similar classification but restricted 
the use of isomerism in the narrower sense given in this table. J. J. Berzelius 
objected to the practice of describing the different forms of an element as examples 
of isomerism. He said : 


I foel compelled to call attention to the fact that the word isomerism, which is applied 
to different substances composed of an equal number of atoms of the same elements, is not 
compatible with the view' as to the cause of the different properties exhibited by the various 
modifications of sulphur, carbon, silicon, etc. . . . Whilst the term still lends itself to the 
expression of the relation between ethyl formate and methyl acetate, it is no longer suitable 
in tho case of simple substances which assume different properties, and it might be desirable 
to substitute for it a better chosen term, e.g. allotropy, or allotropie modifications from 
dWos, another, rponos, habit. In accordance with these views, there can be more than one 
cause for that which we call isomerism, namely : (i) Allotropy, in which case the difference 
between the two suipliides of iron (pyrite and marcasite) is due to the fact that they contain 
different modifications of sulphur, (li) Differences in tho relative position of the atoms in 
the oompound, of which the two kinds (ethyl formate and methyl acetate) are so striking 
a proof, (in' Allotropy duo to substances containing different forms of an elemont arranged 
in different positions. 


*J. J. Berzelius thus believed that the isomerism of compounds was often pro- 
duced by the. elements retaining their allotropie states in combination and that the 
cause of the isomerism in such compounds is to be sought in a change in the nature 
of the atoms themselves. After chemists had learned to appreciate Avogadro’s 
hypothesis, and to recognize that the mols. of elements like those of compounds, 
may be composed of several atoms, J. J. Berzelius’ distinction between isomerism 
and allotropy lost its significance, and the term allotropy may be applied quite 
generally to both elements and compounds. That property in virtue of which 
one substance, without changing its state, may exist in two or more forms 
with different properties is called allotropy. One allotropie form is an alias, so 
to speak, of the other. The less common form is sometimes called an “ allotrope ” 
or an “allotropio modification ” of the other. Are the allotropie forms of an element 
to be regarded as one ahd the same substance ? No ! because each form has a set 
bf distinctive and characteristic properties which distinguish it from all other 
substances. Two important and consistent theories have been derived to explain 
allotropy. 

1. Position theory,— When a determination can be made of the mol. wt. of two 
allotropio modifications, there is frequently a difference, for the one modification 
may contain more atoms per mol. than the other. This is the case, for instance, 
with oxygen and ozone. In consequence, it is often stated that allotropy is due to 
a difference in the mol. wt. of the element. In other cases, it is assumed that 
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even when the mol. wt. are the same, as is probably the case with some of the different 
forms of sulphur, the atoms of the mol. are arranged differently. The idea is some- 
times expressed in this way : Just as the bricks of the same kind in the hands of 
a builder be fashioned into various structures, so Nature, from the same kind 
of atoms, builds up mol. structures with widely different properties. Lucretius 
illustrated a similar idea when he stated that the same letters differently arranged 
may produce words with an entirely different meaning. M. Bert helot thus regarded 
the different forms of carbon not as substances containing different carbon atoms, 
but rather as complexes with different proportions of carbon atoms per mol. — 
polymerized states of carbon. M. Copisarow discussed the allotropy of carbon on 
the assumption that allotropy is a function of valency and that, the different 
allotropic forms are produced by differences in the mode of intramolecular linking. 

2. Energy theory. — There is a change in the internal energy of an element when 
one allotropic modification is transformed into another. For example, ozone is 
formed from ordinary oxygen by an endothermal reaction. The heat absorbed 
in the production of one mol. of ozone i« 34 1 Cals. Hence, 30 2 2() 3 - 68*2 Tula. ; 
or 302+68*2 Cals.--20g. Accordingly, ozone is supposed to have more available 
energy than ordinary oxygen. Similar remarks might be applied to the different 
forms of carbon and of phosphorus. In the case of sulphur, a-S f O.r f 71*08 
Cals. ; j3-S+02~S0 2 +71’72 Cals. This means that the conversion of 32 parts 
by weight of rhombic sulphur into the monoclinic form is attended by the absorption 
of 0*64 Cal. There is a difference in the energy content of the two forms of sulphur 
as was the case with oxygen. W. von Siemens also regarded the allotropes of carbon 
as combinations of a hypothetical metal carboniun i with hitente Warme. Hence the 
definition : the allotropic modifications of an element are composed of one 
element associated with different proportions of available or potential energy, 
and consequently they exhibit different physical and chemical properties. A 
definition of this kind describes the facts and no more. That is, of course, the 
function of a good definition. But there is a plausible finality about it not altogether 
pleasing. Energetics may tell us when reactions can occur, but they do not tell 
us if they will occur, or how they occur. Energy definitions in general are strictly 
non-committal and less likely to stimulate the imagination than, perhaps, the more 
hypothetical views. This indicates one great objection to the energy method of 
dealing with chemical reactions. The atomic, mol., ami kinetic methods are far 
more likely to prompt new and fruitful investigations. However, if we accept 
J. C. Maxwell’s view, * 

The potential energy of a mol. depends essentially on the relative positions of the part* 
of the system in which it exists, and that potential energy cannot be transformed in any 
way without some change in the relative position of these parts, 

it follows that the energy theory of allotropy is quite in harmony with the position 
theory, and that the one supplements the other, for changes in the internal energy 
are dependent on changes in the configuration of the system. 

The transition of ordinary a-S to /3-S is reversible. There is a definite tran- 
sition temp, below or above which only one of the forms is stable, and the other 
form unstable. This is a case of enantiotropic allotropy — from the Greek 
4fambs (cnantios), opposite; rporm (tropos), habit. •Tne transformation of 
A-S to /i-S is also reversible, but there is not a definite transition temp., for the 
amount of each form present when the system is in equilibrium is determined by 
the temp. The phenomenon is called dynamic allotropy* to distinguish it from 
that which precedes. In yet a third type of allotropy, the change is irreversible, 
one form is in a metastable condition at all temp. This is called monotropic Ulo* 
top*, to distinguish it from the two phenomena which precede— example, diamond . 
and graphite. 
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§ 4. The Action of Heat on the Diamond and Graphite 

In 1094-5, G. Averani and C. A. Targioni, 1 of the Accademia del Cimento, 
showed that when heated in the focus of a large burning glass, diamonds disappeared. 
It was concluded that the diamond evaporated, or volatilized under the influence 
of heat. After comparing tho high refractive indices of camphor, olive oil, amber, 
etc., “ which are fat, sulphureous, unctuous bodies,” with the high refractive index 
of the diamond, Isaac Newton, in 1704, inferred that “ a diamond is probably an 
unotuouB substance coagulated.” Later observations showed that this hazardous 
guess happened to be*near the mark, but, as G. Delafosse has pointed out, had the 
same argument been applied to anatase, or to greenockite, the analogy would 
have broken down. It is interesting to note that Isaac Newton’s guess was antici- 
pated a century before by A. B. de Boot. R. Boyle (1672) heated diamonds in 
a crucible, but with no definite results. J. Kunckel said that the diamond is not 
altered by t fire. The subject was discussed by J. F. Henckel in 1725. T. Bergman 
(1777) proved by means of the blowpipe that the diamond does not contain silica, 
°and he assumed it to be a special earth, terra nobilis. “ Urged by intense heat, 
the diamond contracts a kind of soot on its surface.” Five years afterwards he 
Verified the observation that the diamond is combustible. In 1766 J. d’Arcet 
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repeated the experiments of G. Averani and C. A. Targioni ; he heated diamonds 
in a crucible and found that they were complement volatilisis. After heating 
a diamond in a luted crucible in a pottery oven, he found the interior of the 
crucible contained a kind of fumee noire , without sensible loss of weight. 
P. J. Macquer observed that une espece d' aureole ou de flamme played about the 
diamond during its destruction by fire. A. L. Lavoisier inquired if the apparent 
destruction is truly a volatilization or a combustion. He proved that the vola- 
tilization of the diamond is en realite un phenom&ne de combustion, and that the 
diamond burns only in contact with air. It resists the action of the most violent 
heat if air be rigorously excluded. In answer to the question : Quest -ce que le 
diamant ? A. L. Lavoisier replied : 

It is still impossible to answer this question in a satisfactory manner, and perhaps 
it will never be possible to do so. Nevertheless, in summarizing our knowledge on 
this subject we can regard as proved : (i) The diamond is a combustible substnnoe 
which bums at a temp, near the m.p. of silver ; (iii) Like most combustible bodies it gives 
a surface film of a black substance resembling carbon ; (iii) When the conditions are 
unfavourable for combustion it is converted into carbon ; (iv) When heated to a very high 
temp, exceeding that of the porcelain oven, it is partly converted into a vapour incoercibU 
and into a gas which gives a precipitate with lime-water, and which resembles very closely 
le gaz digage des effervescences, des fermentations, et dcs reductions mitalliques . 


A. L. Lavoisier thus demonstrated the close analogy between the diamond and 
carbon, but he did not prove that these two substances have tho same chemical 
composition. In 1797, S. Tennant burnt the diamond by fusing it with nitre, and 
collected the carbon dioxide which was formed. He demonstrated that equal 
weights of carbon and diamond furnish the same quantity of carbon dioxide, and 
concluded that the diamond is composed exclusively of carbon. G. S. Mackenzie, 
and W. Allen and W. H. Pepys concluded that different varieties of charroal and 
graphite furnish the same amount of carbon dioxide as the diamond ; and added 
that “the diamond differs from charcoal solely in the firmness erfits aggregation 
which is generally known to be an obstacle to every chemical change.” L. B. Guyton 
de Morveau (1799) came to the same conclusion from an experiment in which the 
diamond was heated with iron whereby the latter was converted into steel, just as 
occurs when iron is similarly treated with carbon. The general conclusion, as 
summarized by R. J. Hatty, is that le diamant a passe dans la classe des substances 
inflammables, comme etant uniquement compose de charbon . _ 

In 1808, J. B. Biot and F. J. Arago ascribed the high refractive index qf the 
diamond to the presence of at least 25 per cent, of hydrogen. L. B. Guyton de 
Morveau also regarded the diamond as pure carbonaceous matter containing possibly 
some water of crystallization, but the experiments of H. Davy on the combustion 
of the diamond showed that no substance other than carbon dioxide is produced by 
the combustion of the diamond in oxygen ; there is no evidence of the formation 
of moisture, and the assumption that the diamond contains hydrogen or- water 
must be abandoned. J. B. A. Dumas and J. 8. Stas have shown that the diamond 
cannot contain more than y^th per cent, of hydrogen. H. Davy suggested that 
possibly the diamond contains oxygen, and A. Caire-Morant also said m 1826 
that on n y est pas bien assure encore s'il est pur ou combine avec l oxygene. 1 no various 
determinations of the at. wt. of carbon (q.v.) on the fqym of the diamond show that 

this assumption is also untenable. . „ ,« 

In 1890 A Krause raised the question whether the diamond is chemically the 
same as carbon since all the preceding work may be interpreted that twin element! 
—like cobalt and nickel— are in question. Diamond splinters were burnt in a 
current of oxygen, the products of combustion absorbed by ammoma, and the 
ammoniacal soln. decomposed with pure sodium hydroxide. A comparison of the 
crystals obtained on evaporation with those of pure sodium carbonate, showed that 
they had the same percentage of water of crystallization, and that they were identic^ 
in crystalline form, optical properties, m.p., electrical conductivity, and solnbihty 
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in water. He concluded that the diamond must be chemically identical with 
carbon, since not only is the at. wt. the same, but on oxidation they both yield 
exactly the same product. 

According to J. B. A. Dumas and J. S. Stas, 2 only the clear and colourless 
diamonds leave no ash when burnt ; with other samples they obtained 0‘05 to 020 
per cent, of straw-yellow to reddish-yellow ash ; 0. L. Erdmann and R. F. Marchand 
obtained 0 08 to 0*15 per cent, of reddish ash from the clearest diamonds ; and 
L. E. Rivot, 0*24 to 2*03 per cent, of yellowish ash. A. Petzholdt found the ash 
contained microcrystalline plates. Some of the crystals, said C. Friedel, are active 
towards polarized light. A. Petzholdt said that the ash contains silica and iron oxide; 
JL E. Rivot, ferruginous clay ; and H. Moissan, iron oxide as the principal con- 
stituent of the ash, along with silica and lime. According to G. Halphen, a diamond 
possessing a brownish tinge became rose-red when heated, and the colour vanished 
after heating 8-10 days. W. Flight and N. S. Maskelyne found that a dirty-yellow 
diamond was decolorized by heating it in hydrogen or chlorine gas*; and a diamond 
which lost its rose-red colour on exposure to light, acquired the original tint when 
heated. C. Friedel found a green Brazilian diamond acquired a brown colour when 
heated to about 230° in the absence of air. H. Moissan also noted the colour of 
some diamonds becomes less marked after they have been heated in hydrogen. 

A. F. de Fourcroy, L. B. Guyton de Morvcau, P. J. Macquer, etc., have mentioned 
the blackening of the diamond when heated. B. Silliman noted that when the diamond 
is heated in the flame of the oxy-hydrogen blowpipe, and partially burnt, the edges 
appear rounded as if there has been superficial fusion, but it was not established 
whether fusion really did occur. W. Allen and W. H. Pepys, J. Murray, and 
0. M. Marx made a similar observation and noted that a blackening occurs. 
A. Morren found that when diamonds are heated in the coal-gas flame, they acquire 
a surface film of graphitic carbon. G. Rose noted that when some diamonds are 
heated, they shatter with a loud noise ; but neither he nor E. H. von Baumhauer 
ever observed the slightest sign of blackening when the diamond is burnt in air. 
G. Rose attributed the blackening to the formation of graphite. E. D. Clarke’s 
results with the oxy-hydrogen blowpipe were rather indefinite. Y. A. Jacquelain, 
however, stated that no fusion occurs in the oxy-hydrogen or oxy-carbon monoxide 
flame. According to M. de K. Thompson and co-workers, diamonds darken at 
1000°, due to numerous cracks causing absorption of light from total reflection. 
Those cracks are probably produced by small black spots, which mark the beginnings 
of the change to graphite. At 1650°, diamonds change slowly to a substance which 
gives B. C. Brodie’s reaction for graphite. By increasing the temp, to 1750°, the 
rate of transformation is increased 26 times. 

G. Friedel and G. Ribaud studied the effect of heat on the diamond. When 
observed between nicol prisms, crystals from all sources show black lines which 
appear to be due to deformations of a substance originally isotropic. The uneven 
cooling of the original magma in which the crystals were formed, and external 
mechanical action, are not sufficient to account for the magnitude of the double 
refraction observed ; and it is considered necessary to assume that a polymorphic 
transformation, accompanied by a change of volume, has taken place at a temp, 
when the plasticity was sufficient to allow the crystal to retain permanent deforma- 
tions, The conversion of diamonds into graphite takes place near this point. 
Above 1500°, the surface - of a diamond began to blacken, but only a thin skin was 
affected. This skin is translucid, and consists of diamond containing a small 
proportion of graphite ; it is hard and brilliant ; it is not affected by chemical 
reagents which oxidize graphite ; but in a Bunsen burner it is burnt away leaving 
colourless diamond. A few minutes’ heating at 1800° causes a more rapid pro- 
duction of graphite along the edges of the crystal. Up to between 1850° and 1866° 
the bands, between nicol prisms, show no alteration when re-observed after cooling ; 
but towards 1875° or 1880°, they show some deformation in places indicating a cer- 
tain plastioity at this temp. When 1885° ±5° is exceeded the crystal breaks into 
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fragments, bounded by octahedral planes of cleavage, and the bands due to double 
refraction undergo a complete change. It is possible to observe this only if the 
temp, is exceeded for a few seconds, otherwise the whole of the diamond is very 
rapidly converted into graphite. G. Friedel and G. Ribaud suggest that above this 
temp, a new form of crystal is produced, which is converted into graphite more 
rapidly than ordinary diamond. 

H. Moissan found that if heated to 2000° in a crucible packed with powdered 
carbon, the diamond becomes covered with a black film which is not graphite. 
In the electric arc, at a somewhat high temp., the diamond becomes incandescent, 
swells up without melting, and becomes covered with black masses, consisting 
entirely of hexagonal lamellae of graphite, which is easily converted into graphitic 
oxide. If the diamond is placed in a small carbon crucible in the electric arc furnace, 
the crystals first break up into small fragments along the planes of cleavage, and 
then at a higher temp, swell up and are completely converted into graphite, which 
yields yellow graphitic oxide. It follows that at the temp, of even a moderately 
intense electric arc, the stable form of carbon is graphite. L. von Schrotter observed 
that when a diamond resting on a platinum plate is heated to a high temp., some 
carbide is formed. By heating the diamond in the electric arc between carbon 
poles, the mineral softens and changes into a mass resembling coke; and 
C. Despretz likewise found the diamond is converted into graphite and melts to 
small spheres ; but H. Moissan said that the diamond swells and is grapliitized 
without melting. J. P. Gassiot also made some inconclusive experiments on 
this subject. W. Crookes found that during the bombardment of diamonds in 
the cathode rays, not only is there a brilliant phosphorescence, but the diamond 
becomes discoloured and in time becomes black on the surface. Some blacken 
in a few minutes, others require an hour or more. C. Doelter found that diamonds 
were browned or blackened superficially in some cases at 1300°, in others at 1500 , 
and in still other cases at 2000° and 2500° in an inert atm H. Vogel 
and G. Tammann observed the superficial blackening at 1500 -1700 . lhe black 
film is removed by polishing powder ; it is not ordinary amorphous carbon, but 
probably graphite. C. A. Parsons and A. A. 0. Swinton found that when heated 
in the focus of a cathode-ray discharge, at a temp, of 1890°, the diamond is convert'd 

m % b M^neTas°analyzed a number of samples of graphite fend his results are shown 
in Table II. Other analyses have been made by W. Luzi, E. Wemschenk, 
H. V. Regnault, etc. * 

Table II.— Analyses of Graphite. 


Analyses of graphite. 


Volatiles.) Ash. 


Analyse* of a*h. 
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87-65 

77 - 16 
70-69 
68-30 

78 - 48 
59-67 


AI a O a 


Alibert, Urals . 

Cumberland 
Mugrau, Bohemia 
Schwarzbach, do. 

Cumberland 
Passau 

Fagerita, Sweden 
Ceara, Brazil 
Madagascar 
Ceylon . • - 

B ucking ham, Canada. 

Pissie, Hautes-Alpes 

- L Eisner thought that graphite is volatilized in the porcelain oven beoame the 
W aS veTlTbUen g ed above the graphite, but H. V. Regnault showed that 
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— 

6-8 

1-2 

0*6 
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0-5 
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81 
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the blackening is probably due to the volatilization of a hydrocarbon in the graphite. 
M. Berthelot attributed the sublimation of some graphite from a mixture of boriferous 
graphite heated white hot in a stream of chlorine, to the formation of a volatile com- 
pound of the three elements. C. F. Rammelsberg thought that a loss which he 
observed on heating some purified graphite might be due to volatilization. R. Hare, 
and B. Silliinan passed an electric current through a graphite or a charcoal rod, and 
observed that the surface became covered with fused carbon, which has the character 
of graphite ; but L. Yanuxen claimed that the fused globules are nothing but the 
fused ash of charcoal or graphite and consist mainly of iron oxide and silica. R. Hare 
defended his statement that the carbon was actually fused, but L. Vanuxen’s 
claim was probably right. According to F. Braun, if the discharge from a Leyden 
jar be passed through carbon between two glass plates, the carbon gives a continuous 
spectrum, and microscopic spheres of fused carbon can be detected. There has 
been some discussion as to whether or not the carbon is really fused. 

H. Davy, and N. T. de Saussure observed that amorphous carbon is one of 
the most difficult substances to melt or vaporize. When heated to a high temp, 
it becomes hard enough to scratch glass. C. Despretz, and A. Bettendorff found 
that when heated intensely in vacuo by an electric current, amorphous carbon 
is converted into graphite. A. Schuller heated a carbon rod in vacuo and noted 
that a grey film appears on the glass walls ; this is attributed to organic matter as 
an impurity in the carbon because the film does not get any thicker with subsequent 
heating. He could detect no evidence of fusion, but there were signs of the 
volatilization of the carbon. M. Berthelot noted the volatilization of carbon from 
the filaments of an electric incandescent lamp run with the smallest possible heating 
of the graphite filament. The temp, is probably 1200°-1500°. The sublimate is 
solely amorphous carbon. The formation of a sublimate in incandescent lamps 
under these conditions indicates that carbon exerts an appreciable vap. press, at 
temp, about 2000° below its b.p. This unusually large interval is regarded 

as further evidence of the highly complex character of the mols. of solid carbon. 
R. Hare, and B. Silliinan thought that they had established the volatilization 
of heated carbon : 

, When two mahogany-charcoal electrodes connected with an electric machine are brought 
into contact, they become incandescent, and if the points are separated a short distance, 
they glow vividly, forming a bright luminous arc, and send up a white smoke having a 
peculiar odour. The negative pole decreases in width, and a quantity of additional matter 
is deposited on the point ; this grows a length of about half an inch and is then replaced by 
a new growth. On the contrary, the charcoal of the positive pole soon loses its point, 
and a cup-like cavity is formed in it, whilst at the same time it suffers but little diminu- 
tion on tne sides. To whichever part of the positive charcoal the point of the negative 
piece is directed, there the excavation is produced. If the two pieces of charcoal come in 
contact, they stick together. If the positive charcoal be replaced by a piece of metal, 
the negative piece receives no increase, but is gradually shortened during the combustion. 
In nitrogen gas, the two pieces of charcoal exhibit as brilliant a light, and the same growth 
of the negative point, as in air. Hence it appears that carbon, in the state of vap., is 
transferred from the positive to the negative pole. If the eyes are protected by a pair 
of green spectacles, small partioles of carbon may even be seen passing along the luminous 
aro from the copper pole to the zinc pole. The matter which accumulates on the negative 
point sometimes forms a cylinder, sometimes a round knob with a stem. When examined 
by a magnifying-glass, it exhibits a fused, warty or botryoidal, smooth, metallic-shining, 
greyish-black surface, a«d a linn-fibrous structure; sinks rapidly in oil of vitriol; does 
not conduct electricity (heUbe its presence makes the charcoal less brightly incandescent — 
but on the removal of the fused portion, the brightness is restored) ; bums very slowly 
at a red heat, without visible flame, producing carbonic acid, and leaving, sometimes 
a yellowish-grey ash, sometimes none at all. It is not attacked by sulphuric acid, and very 
little by hot nitric acid. No sign of fusion ever appears on the positive charcoal. 

Similar Results were obtained by J. Griscom, and even with an ordinary battery 
by W. West. C. A. Parsons, and R. Threlfall have discussed the effect of high 
temp, and high press, on carbon — vide infra , synthesis of diamonds. According 
to H. Moissan, when a carbon tube of about 1 cm. diameter is heated in an electric 
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arc furnace, a light black cloud forms in the interior, in consequence of the condensa- 
tion of carbon vap. If a dish containing crystallized silicon is placed in the tube, 
the silicon melts and then boils, and its vap., coming into contact with the vap. 
of the carbon, forms slender needles of carbon silieide. No evidence of the fusion 
of carbon was obtained, although the temp, was sufficiently high rapidly to volatilize 
calcium and magnesium oxides. In all cases, the carbon subjected to these high 
temp, is converted into graphite. The black deposit formed on the internal surface 
of incandescent lamps consists of amorphous graphite mixed with crystals of carbon 
silieide and some other crystals that seem to be silica. The carbon vap., whether 
condensed in a carbon tube, or on the exterior of a copper tube kept cool by internal 
circulation of water, or on the electrodes themselves, condenses always in the form 
of graphite, and the deposits show no traces of fusion. When the filament of 
an incandescent lamp breaks, the fractured ends show no traces of fusion, but are 
covered with small crystals of graphite. It follows that carbon, like arsenic, 
volatilizes under ordinary press, without previously fusing. It is probable, how- 
ever, that under a sufficiently high press, fusion would take place. 


The effect of press, on a solid which evaporates under atm. press, without melting is 
illustrated by placing solid acetylene in a test-tube closed by the finger, it will liquefy 
under its own press., and on opening the tube, the liquid at once solidifies. Tho experiment 
can be repeated many times with a small quantity of liquid. 
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§ 5. The Synthesis and Genesis of Diamonds 

La reproduction du diamant est un probteme pour los chimistes modernes le pendant 
de la piorre philosophale pour les alchimistes. — H. le Chatelier (1908). 

Many attempts have been made to synthesize diamonds, i.e. to enhance the 
commercial value of carbon by transforming it from its ordinary opaque black 
condition to limpid crystals of diamond. In 1828, C. Cagniard de la Tour 1 reported 
that he had succeeded in making artificial diamonds, but L. J. Th6nard showed 
that the product was charcoal mixed intimately with a hard crystalline slag con- 
taining alumina, ferric oxide, silica, and manganese oxide. In 1828, J. N. Gannal 
announced that by keeping a soln. of phosphorus in carbon disulphide under a 
layer of water for three months, he readily obtained crystals of carbon, some of 
which attained the size of un grain de millet. Both G. Gore, and H. Moissan failed 
to confirm this report. The latter obtained nothing but small grains of silica, 
completely soluble in hydrofluoric acid, even after five years ; nor were any better 
results obtained with antimony in place of phosphorus. H. Moissan said that if 
purified carbon disulphide be used, no deposit appears during five years, but ii 
moisture be present, small glistening drops of water appear on the glass as soon as 
the temp, is lowered, and these may have been mistaken for crystals. 

C. Despretz caused an electric arc to play between a carbon electrode and a 
bunch of platinum wires, and obtained a crystalline dust which scratched rubies. 
H. Moissan said that the crystals may have been carbon silicide or boride, but the 
action of the electric arc on carbon has never yielded crystallized carbon other than 
graphite. M. Berthelot examined C. Despretz’s electrodes and found graphite 
but no diamonds. J. Mactear claimed to have synthesized diamonds by an 
tindescribed process, the crystals were examined by W. Crookes, and shown by 

N. S. Maskelyne to be a crystalline silicate. The synthesis of diamonds has been dis- 
cussed by E. B. de Chancourtois, D. Rossi, A. Favre, E. J. Maumen6, etc. A. Lud- 
wig experimented in an atm. of hydrogen at 1500 to 3000 atm. press. Carbon 
rods, with their ends in contact with each other, were heated by an electric current ; 
after a few seconds, the current-strength sank to nothing, soon increasing again to its 
former value. This went on for some minutes. The author assumes that the carbon 
points fuse to the transparent modification of carbon, which, like other transparent 
substances, is a non-gonductor of electricity. Owing to the interruption of the 
ourrent, the temp, falls affd the transparent carbon changes into graphite, whereupon 
the process is repeated. In order to obtain the transparent fused carbon in the 
solid form, it appears necessary to cool it so quickly that the transformation into 
graphite cannot take place. Attempts to obtain rapid cooling by means of hydrogen 
gas and by dropping the fused carbon into water were unsuccessful owing to the 
difficulty of obtaining a sufficiently rapid flow of gas in the first case and to the 
incurrence of Leidenfrost’s phenomenon in the second. In 1828, B. Silliman claimed 
to have cjpmonstrafced the fusion and volatilization of carbon by an electric current ; 

O. Lumraer, M. la Rosa, and F. Braun claimed to have obtained evidence of the 
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fusion of sugar carbon in the electric arc. 0. P. Watts and C. E. Mendenhall 
found that with a rising temp., deformation takes place with graphite rods between 
1800° and 2150°, and it is concluded that the deformation is due to a gradually 
increasing plasticity of the carbon and not to the commencement of fusion. The 
alleged changes of structure are attributed to volatilization and subsequent, con- 
densation. S. Munch, and E. Ryschkewitsch agree that graphite becomes plastic 
before melting, and with a sufficiently high amperage the latter said that small 
graphite rods can be welded. J. G. Pammer found that the bending of carbon rods 
at high temp, is due to the presence of impurities. F. Sauerwald believed that 
E. Ryschkewitsch’s fused globules of graphite were really beads of impurities 
distilled from the hot to the cooler parts of the graphite. A. Thiel and A. Ritter 
concluded that the presence of apparently solidilied drops of graphite in the crater 
of the carbon electrode allowed to cool after forming the arc, is not a result of the 


fusion of the graphite. 

According to A. Konig, graphite is the stable modification of carbon at temp, 
exceeding 1000°, and it is uncertain whether at lower temp, there is a transformation 
point for graphite or diamond, or whether the diamond is unstable at all temp. 
The sp. vol. of the diamond is smaller than that of graphite, so that the transition 
point will be raised by an increased press.— approximately 1° per 35'07 atm.— but 
the formation of the diamond at low temp, and high press, is very improbable because 
of the slowness of the reaction. The diamond can be produced at a high temp, 
only by accelerating the formation of the labile, form before the stable form. 1 lie 
possible modes of formation are by crystallization from a molten flux ; by condensa- 
tion of the vap. ; and by separation from soln. R. Thro! fall, however, suggested 
that under suitable conditions, the formation of the diamond is not so much ft 
transformation of carbon from one form to another, but is rather the result of a 
decomposition of a carbide in the presence of substances winch accelerate the crystal- 
lization. The temp, must be sufficiently low to ensure that the velocity of the 
transformation from diamond to graphite is small. E do Boismenu claimed to . have 
made diamonds up to 2 mm. in diameter by the electrolysis of molten calcium carbide 
The diamonds formed about the anode. A kilogram of calcium carbide is said to 
have furnished 1 -75 carats of true diamonds. The claim yet remains unconfirmed. 

Molten solids, on cooling, generally crystallize • Carbon, however, at atim . I ^ 
volatilizes at about 3600°, without passing through the mtomediatehquid state. Ito 
b.p. appears to be below its m.p. Carbon dioxide, acetylene, silicon tetrafluonde, 
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Ftos. 2-3. — Equilibrium Conditions of Carbon at Different Temperatures and Pre«ure.. 

and arsenic also volatilize without liquefaction at 1™*- '."‘{"ffictnt pS 
liquefied if it be heated under press. It is therefore inferred that “ n A Par- 
could be applied, carbon would melt to a liquid »«> crystallize on eoohnfr C JUPar 
sonsattempted to melt carbon at press, up to 15, (XX) atm., and 
/Syndicated above, the diamond at ordinary 
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melt at about 3000°, and the liquid would have a vap. press, curve represented 
diagrammatically by BC , Fig. 2 ; and the vap. press, of solid graphite would 
be represented by AB. The vap. press, of the diamond would be represented 
by the curve AD. The m.p. of the diamond under great press, is represented 
by the point D ; and B represents the m.p. of graphite. The curve BE shows 
how the m.p. of graphite changes with press. If molten graphite be under- 
cooled, the soln. would become more and more viscous with a falling temp., 
and finally appear as amorphous carbon. G. Tammann modified the hypothetical 
diagram as indicated in Fig. 3. He postulates a region MBL, where the diamond is 
in a state of pseudo-equilibrium. The curve MB represents the temp, and press, 
where graphite changes into the diamond, and LB the conditions for the reverse 
change. When carbon is in soln., in iron, silver, or molten silicates, he assumes that 
the diamond and graphite are in equilibrium. Hence, diamonds may be produced 
with fast cooling, while with slow cooling graphite alone separates. The question 
whether the diamond and graphite can form solid soln. is an open one. Other 
observations have been made by 0. Lummer, K. Fajans, E. Griineisen, H. Kohn, 
J. A. M. van Liempt, J. J. van Laar, etc. 

J. B. Hannay started from the fact that when the hydrocarbons are heated to a 
high temp, in the presence of the alkali metals, a hard, lustrous form of carbon is 
produced. He did not observe any signs of the formation of the diamond by 
working at high temp, and press, with the hydrocarbons — e.g. distilled paraffin — 
and lithium. He then heated bone oil in a sealed iron tube, and claimed that in 
some cases black or transparent crystals having the properties of the diamond 
were *found in the carbonaceous mixture of iron and lithium at the bottom of the 
tube. He added : 

From the fact that the diamond was obtained only in the presence of nitrogenous matter, 
and that the product contained a little nitrogen, I am led to conclude that the diamond is 
produced in this reaction by the decomposition of some nitrogenous compound, and not 
by that of a hydrocarbon. 

J. B. Hannay constantly mentioned the presence of silica ; and H. Moissan added 
that if the diamond was really obtained, it was formed under press, owing to the 
solubility of carbon in a fairly fusible alloy of iron and lithium, and not from the 
nitrogenous compounds contained in the bone oil. H. Moissan did not succeed 
when following J. B. Hannay’s directions. C. Combes took a view different from that 
of H. Moissan. The special feature of H. Moissan’s experiment is the crystallization 
of the carbon from its soln. in molten iron under the great press, generated by the 
contraction of the cooled and solidified outer shell. 

* The Maximum hydrostatic pressure in the interior of a sphere of liquid metal surrounded by 
a shell of solid metal. According to R. Threlfall, neglecting the rigidity and modulus of 
incompressibility of the metal, it follows from L. J. G. Violle’s formula that if P denotes 
the hydrostatic press, per unit area ; r, the tensile stress of the metal ; r x the radius of the 
liquid portion ; and r« the radius of the sphere ; then the relation between the maximum 
hydrostatic press, which can be produced before the metal ruptures is given by 
P=»f2r(r a B — r,*)}/(r,*~2r 1 3 ). When r is known, the press, corresponding with different 
values of r x and r, can be computed. If the breaking strength of iron under a tensile stress 
be 10 tons per sq. in., the hydrostatic press, might rise to 20 tons per sq. in., although 
R. Threlfall considers 8 or 9 tons per sq. in. would be nearer the mark. 

According to G. ifoueserfh, crystals of the diamond, accompanied by graphite, 
are formed at ordinary press, when acetylene, generated from calcium carbide, is 
decomposed at 3000° by an electric current. C. A. Parsons heated a carbon rod 
electrically while immersed in liquids — benzene, paraffin, treacle, and carbon tetra- 
chloride and disulphide — at press, up to 2200 atm., and found deposits of amorphous 
carbon were obtained in all cases. Similar results were obtained at 4400 atm. press. 
JFhe distillation of carbon in an atm. of carbon monoxide or dioxide also gave amor- 
phous carbon. O, Rut! observed that no increase in size occurs when diamonds were 
heated at 790° for 14 days in acetylene, coal gas, methane, or carbon monoxide. 
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On the other hand, a carbon arc in liquid air gives a minute residue of crystals 
fluorescing like diamonds. A carbon arc through which a spray of water passes 
continuously gives a minute residue, the fluorescence of which is very faint. Organic 
vap. mixed with carbon monoxide yield amorphous carbon and graphite, and mix- 
tures of molten organic solids with catalytic agents give entirely negative results. 
W. von Bolton, however, claimed to have recrystallized diamond dust by heating 
it in mercury vapour derived from sodium amalgam. 

In 1880, R. S. Marsden, heated up to the m.p. of steel, silver, or an alloy of silver 
and platinum in a crucible lined with sugar charcoal, when the silver dissolved a 
small quantity of carbon, and gave it up again on cooling. When the metal was 
removed by nitric acid, the residue consisted of amorphous carbon, graphite, and 
some small black or transparent crystals with properties like the diamond. H. MoiB- 
san said that he obtained more or less well crystallized black diamonds by this 
process, especially when the crucible is heated in a wind furnace with retort carbon. 
K. Chrustchoff also obtained diamonds from a soln. of carbon in molten silver. He 
added that molten silver can dissolve about 6 per cent, of carbon. C. V. Burton 



Fio. 4. — Moissan’a Electric Arc Furnace. 


claims to have obtained diamonds from a soln. of carbon in molten lead alloyed with 
about one per cent, of calcium. Iron also dissolves carbon and gives it up again on 
oolmg Theslbility increases with the temp. H. Mo.sran packer la ^ 
iron as pure as practicable, in a carbon crucible with sugar charcoal. The crucible 

teim tUTron under a very great press. After dissolving away the iron, etc., some of 
from the iron underavyg I boart- black diamonds-some as. 

tke V^nrftme rSom of transparent diamonds-microscopid it is true, 
fr* Sfniman neDarated as many as 10 to 15 minute transparent diamonds from «• 

H, Moissan separated as many as ^ ^ mm long . He later 

Sd that tht addition of atotle ferrous sulphide, or silicon or iron M 
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favoured the formation of the diamonds. The method is thus described by 
H. Moissan : 

Swedish iron (150 grins.) was cut in fragments, and melted in the electric furnace in the 
presence of sugar carbon. The saturation of the iron by the carbon at the temp, of the 
electric furnace is finished in two or three minutes with a current of 400 amperes at 120 
volts. The crucible containing the fused metal is removed from the furnace, and we add a 
solid piece of iron monosulphide (about 6 grms.) which melts at once and mixes with the 
mass. The metal swells up and abundant gases arc given off. After cooling, the metallic 
mass is troated by acids. The graphite is transformed into graphitic oxide, then into 
pyrographitic oxide, and the latter is destroyed by a mixture of boning sulphuric acid into 
which are thrown about 50 grms. of nitrate of potash in small portions. After several alter* 
nate treatments of this residue by hydrofluoric and sulphurio acids, then by fusion with 
pqjfwsium hydrofluoride, it is washed, dried, and placed in methylene iodide having a density 



Fia. 5. — Cooling the Solution of Carbon in Iron. 

of 3*4. The part which falls to the bottom is collected. By tho above process no diamonds 
were obtained, but the result is quite different if the crucible containing the liquid iron 
with tho added iron sulphide is cooled suddenly in a mass of cold water. After the first 
phenomena of calefaction, the porous graphite crhcible is rapidly penetrated by the water. 
The metallic mass is cooled on the exterior and a solid crust is formed. As we showed before, 
an internal press, is thus formed and the carbon which deposits in the inner liquid part takes 
the form of the diamond. The appearance of the metallic masses to which sulphur has been 
added is sometimes different from ordinary cast iron cooled in water. An external resistant 
portion is still formed, but the surface of the metal, in the case of sudden cooling, is covered 
with a black, spongy, and solid layer, which comes from the rapid solidification of the metal 
while in an emulsion form, the latter being due to the sudden disengagement of gas. If the 
gaseB have had the tirqp to come out before the immersion in water, the metal has the 
ordinary appearanoe. m % 


H. Moissan did not get such good results by cooling in a current of coal gas as in 
water. Modifications were suggested by W. Borchers, C. Friedel, W. Staedel,. 
Q. Combes, etc. O. Ruff used alloys of iron with titanium, vanadium, tungsten,, 
‘and molybdenum. C. Friedel obtained black crystals which scratched glass by 
boating oarboniferous iron with sulphur in a sealed tube at 400°-500° ; and 
M. Berthelot obtained similar crystals by dissolving in iron phosphide. F. Fischer 
said that the separation of carbon in the form of the diamond can occur only below 
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700°, otherwise it appears as graphite. In H. Moissaivs experiments, the iron 
containing the carbon in soln. had already solidified so that the carbon could 
separate only in the form of tiny crystals. Larger diamonds would probably 
be produced if a substance in which carbon is readily soluble were still molten 
at 700°. 

C. A. Parsons heated a carbon crucible containing iron in an electric furnace, 
and quickly transferred it to a compression machine, where it was subjected, while 
still molten and during cooling, to a press, of 11,200 atm. Less crystals were 
obtained than if the crucible had been cooled in water, although the press, of 11,200 
atm, must have been greatly in excess of that of the spheroidal mass of iron in H. Mois- 
san’s experiment. He inferred that press, per sc is not a necessary condition for 
the production of the diamond in t-hc cooling soln. of carbon in iron. On the other 
hand, W. Crookes detected diamonds in the carbonaceous residue obtained when 
cordite is exploded in closed steel cylinders where the. press, is estimated to be as high 
as 8000 atm. and the temp, over 4000° ; and Q. Majorana heated amorphous carbon 
in an apparatus arranged to produce a press, of 5000 atm. by the explosion of gun- 
powder, and obtained some diamonds. 0. A. Parsons concluded that the diamonds 
in H. Moissan’s experiment are formed at about 690°, and that they are derived 
from the occluded gases of which carbon monoxide is the most important. When the 
melted mass is slowly cooled no diamonds are produced because the occluded gases 
escape, but with almost instantaneous cooling, the gases arc retained, and diamonds 
are formed. He believed that high pressures, except in so far as they are developed 
during the cooling of the melt, and within it, are not essential to success. It is further 
suggested that carbides like carborundum are first formed, and that the actual 
reaction is between the carbide, iron, sulphur, and carbon monoxide. . 

According to A. Rossel, and C. Friedel, small diamonds were found m hard steels 
which had been produced at high temp, and cooled under great press. L. ¥ ranck 
also claimed to have isolated diamonds from hardened steel. B Neumann obtained 
no diamonds from slowly cooled iron, but graphite, carborundum, and corundum 
crystals were present. According to A. Ludwig, diamond crystals arc formed when 
an electric current is passed through an iron spiral embedded in powdered gas carbon 
and surrounded by an atm. of hydrogen under great press. The same transfonna- 
tion occurs in the absence of iron, but a much higher temp, is required. 
rnanu observed the production of diamond by reducing a mixture of iron 
suuar charcoal by means of aluminium. A mixture of iron oxide, sugar charcoal 
lithia and aluminium gave very good results. The crystals are separated from the 
iron a's^n H ^issan’s^proces*/ No diamond* were obtained w.th alloy. of i amum 
and iron, calcium, barium, and manganese ; but diamonds were obtained from 
' titanium alloys. M. Houdard obtained diamonds and graphite by fusing manganese _ 

sulphide^with i^ime^ ^ havc ma j e diamonds by the following process : 

Pme alumina was drived to 

and charcoal was added to the so 1 ”* mixture contained by weight rather more 

* expel all the hydrochloric acid, the 
Sdxturo was subjected to the action of carbon dioxide gas at a red heat. 

temp and press., and its subsequent separation as diamond. L. Doelter has 
diamonds by heating carbon rods en, tabled fn a mixture 

alleg ed diamonds in blast-furnace slags to be alumina crystals. J. Fnedlandcr 
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dissolved graphite in olivine, (Mg,Fe) 2 Si 04 , fused in the oxy-hydrogen flame, or in the 
electric furnace. R. von Hasslinger also obtained diamonds from soln. of amorphous 
carbon in artificial magnesium silicate magma ; and in conjunction with J. Wolf, 
the most favourable composition of the magmas was studied. 

Many guesses have been made in the attempt to explain how diamonds have 
been formed in nature. In one set of hypotheses, the diamond is considered to be 
of organic origin and formed at temp, relatively low ; in another set of hypotheses, 
the mineral is supposed to have been formed at relatively a high temp., and 
possibly also a high press. Thus, D. Brewster 2 supposed that the diamond is a 
vegetable secretion like gum. Modifications of this hypothesis were suggested by 
H. R. Goppert, J. Murray, R. Jameson, A. Petzholdt, F. Wohler, J. D. Dana, etc. 
G. Wilson, and J. A. R. Smit also assumed that diamonds are of organic origin. 
R. T. Simmler supposed that diamonds are obtained by the crystallization of 
carbon from liquid carbon dioxide, because inclusions of this liquid are found in 
the crystals ; but C. Doelter could find no evidence of the alleged solubility of the 
diamond in that menstruum. From analogous reasons, C. Friedel inferred that the 
temp, could not have been above the critical temp, of carbon dioxide. E. Lionnet 
supposed diamonds have been formed by the slow decomposition of carbon disul- 
phide; A. E. B. deChancourtois, and D. Rossi, by the incomplete oxidation of hydro- 
carbons in the same way that sulphur is derived from hydrogen sulphide. J. von 
Liebig assumed that the diamond is formed as the end-term of a successive series of 
reactions in which the hydrocarbons are de-hydrogenized and polymerized. 
M. Berthelot has said : 

The action of an elevated temp, on benzene is to form a successive series of hydrocarbons 
richer and richer in carbon, less and less volatile, and with a higher and higher mol. wt. 
Carbon is not comparable to a real elementary substance, but it can bo better likened to a 
very condensed hydrocarbon, poor in hydrogen, and possessing a very high eq. Carbon 
itself represents a limiting state which can bo attained only with difficulty and at the highest 
temp. As known to us ,7t: carbone eat le terme extreme dea condenaotiona rnoUculciirea, that is, 
of a state as far removed as possible from that of the element carbon, brought into the state 
of un gat parfait comparable with hydrogen. This explains why carbon is never liberated 
ill a natural state in low temp, reactions, and in this respect it differs from hydrogen and most 
of the chemical elements. 

A. B. Griffiths suggested that carbon possibly dissolves in water at a high temp, 
and press., and separates in crystals with a fall of temp, and press. F. Gobel sup- 
posed that the diamonds have been formed by the action of metals like calcium, 
aluminium, magnesium, iron, etc., on calcium carbonate. M. Parrot believed that 
the diamond is of volcanic origin, and is produced by the fusion of carbon at a high 
temp, foljowed by a sudden cooling of the liquid ; C. C. von Leonhard assumed 
that sublimation, not fusion, occurred ; and J. F. L. Hausmann suggested that a 
flux has promoted the action. A. Favre inferred that because many of the minerals 
which accompany the diamond can be formed artificially from chlorides at a high 
temp., the diamond has been formed by the decomposition of carbon tetrachloride. 

The discussion on the synthesis of diamonds— -vide m'pra — by the crystallization 
of carbon from its soln. in fused silicate magmas, and the character of the material 
which accompanies diamonds, makes it very probable that the diamond haB been 
formed in nature by an analogous process. In the South African mines, for example, 
the diamonds occur in tr nea^volcanic pipes embedded in a decomposed rock which 
E. Cohen 3 described as j&ridotitic tuff a or breccia. H. C. Lewis ascribed the origin 
of the diamonds to the solvent action of the molten peridotitic magma upon the 
carbonaceous shales as suggested by E. J. Dunn. In some cases, however, these 
shales are absent. In support of this hypothesis, W. Luzi showed that at about 
1770°, molten blue earth is a solvent of diamonds, and the carbon in soln. in the 
molten magma might just as well have come from below upwards as have been formed 
by the attack on carbonaceous matter near the surface.* T. G. Bonney, C. F. Wil- 
liams, D. Draper and W. H. Goodchild, E. Cohen, A. L. du Toit, and G. 8. Costor- 
phine have discussed the hypothesis that eclogite is the matrix from which the Cape 
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found dtm h Sepa , ra , d ' G ' F ' Kun * and H ' B - Washington, and H. D. Miser 
that tht A , rkanaa9 , aS50C ‘ ated with peridotitic rock. H. 8. Harger said 

from Ru ’" r dlamond8 i » r e i dcrived from andesitic lava ; and H. Kerensky, 

MadrL^ n^A 6 ?? <i ^ labase * Jf . Chaper found diamonds in the pegmatite of Bellary, 
mif / * * ant * ^ Branner in the hydromicaceous schiste and itacolu- 

mite (quartzite) of Brazil ; E. Poitevin and R. P. D. Graham, in the chromite of 
« ana< ^? ; T. W . R. David, in the hornblende diabase of Inverell, New 

South Wales ; and J. A. Thompson, and L. A. Cotton, in the dolerite of Copeton, New 
south Wales. Hence it is concluded that diamonds are formed by the orystal- 
iwation of carbon from its solution in fused magmas of different kinds. Many 
others have written on the genesis of natural diamonds. 
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§ 6. The Genesis of Graphite 

Allein dennoch bleifct noch^Natur unsere Lehrmeisterin.— F. A. Quenstkdt (1877). 

G. Rose 1 showed that a diamond bedded in charcoal at the temp, of molten cast 
iron, becomes coated with a film of graphite ; while Y. A. Jacquelain, and M. la Rosa 
found that the diamond passes into graphite when heated in the electric arc ; and, 
added H. L. Fizeau and L. Foucault, F. Fouqud and A. M. Levy, and H. Moissan, 
at a high enough temp, all the different modifications of carbon pass into graphite. 

% The grapbitization of the diamonds and of carbon has been discussed by W. Skey, 
C. Street, W. Crookes, A. Bettendorf!, J. Rudolphs and J. H&rden, etc, N. G. Sef- 
strfim noted the formation of graphite soales in carbon crucibles which had beep 
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heated for Borne time. J. N. Pring and W. Fielding showed that at 2000° boron 
accelerates the conversion of carbon to graphite. H. Moissan examined the sublimed 
carbon which collects on the positive electrode of the electric arc, and the distilled 
carbon obtained by heating a carbon tube about 2 cms. in diameter in a powerful 
arc furnace. The interior of the tube soon filled with a very light deposit produced 
by the condensation of carbon vap. Carbon vapour condensed on a cold or on a 
hot surface furnishes, in all cases, graphite. Hence, when carbon t apour returns to 
the solid state it always appears as graphite . W. Luzi obtained well-defined hexagonal 
plates of graphite by heating carbon in a silicate magma (finely-ground alkali glass, 

and fluorspar). ... ... 

Graphite is formed when carbon is dissolved in a metal at a high temp., ana tne 
metal is allowed to cool. Much of the carbon separates in the form of graphite 
as the soln. cools. Thus, carbon which separates from soln. in cast iron, appears as 
tabular crystals possessing a metallic lustre; or from iron, iron silicate slags, or 
iron alloys which have been melted in contact with carbon. This subject has 
been discussed by G. Charpy, B. Osann, R. von Wagner, P. Schafhiiiitl, C. t . von 

Leonhard, etc. . , , . ,, , 

Graphite is obtained by dissolving carbon in a molten metal, the carbon 
separating as graphite when another element is added. Thus, H. Moissan found 

# the displacement of graphite from cast iron is favoured by silicon, and boron. He 

* further showed that 

i{\ At ordinary press., the graphite is purer the higher the temp, of formation ; (u| Ihe 
higher the temp, of formation, the more the graphite resists <h° aebon of »d 

notassium chlorate ; (iii) Under the influence of press., the crystals and maw of gmpnno 
of a fused substance ; (iv) The small quantity of hydrogen, always 
found in graphites, diminishes as their purity increases ; and (v) Compounds contammg 
hydrogen and oxygen are formed by the action of acids on cast iron ; these compounds are 
not decomposed at a dull rod heat, but, like graphite, are destroyed on combustion. 

J W Dobereiner obtained the crystals of graphite, by heating a mixture of iron 
filings manganese oxide, andsoot ; and M. Houdard by melting manganese sulph.de 
withcarbom H. St.C. Dcville passed carbon tetrachloride over molten cast iron, the 
gas decomposed, the iron dissolved the separated carbon, and, on cooling, furnished 
hexagonal plates of graphite. Heobtained only amorphous carbon whcnusingsodium, 
Sand aluminium in place of iron. H. Moissan found that aluminium -o-stakeup 
rarbon at a high temp, and gives graphite crystals on cooling. M. Berthelot obtained 
S amorphous carbon from molten manganese, but if the temp, be high enough, 
crystals of graphite are formed. Silver, even at its b p dissolves but little ' cafbon, 
olfbnnah invots of silver slowly cooled in the electric furnace are covered with a 
film of graphite He found that a number of molten metals were able to*dissolvc 
Son and give it up again as graphite when the metals cooled - for mstance, 

zirconium vanadium, molybdenum, tungsten, uranium chromium, mckei silico^ 

S’pS-, iridium, and palladium. The graph, U, crystals can b 

ttranhite U formed by the decomposition of carbides at a high temp. In lo , 

a Sr ases 

SKA a j, a 

the graphite, and it is assumed that the carbide acta 

!*tAlvticallv The metal oxide first forms a carbide which is then decomposed into 
catalytically. ^ the amorphous carbon re-forming acarbide, 

HSSS* SKT a- — a w ; t* ' -* * 

, . , _ anterlnir into a chemical combination with owbcm, 

in a A» to farther the crystallization of mbon. 
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I name especially boron, silicon, titanium, zirconium, vanadium, aluminium, cerite metals, 
chromium, molybdenum, tungsten, uranium, manganese, iron, nickel, etc. ; it appears to me, 
however, that it is not thoroughly determined that combination of carbon, in the form of 
gases and vap., with hydrogen, oxygen, sulphur, etc., can also bring about crystallization. 

Observations on this subject were made by F. A. J. Fitzgerald, K. Iokibe, 

H. Ditz, 0. Miihlhiiuser, E. Pietrusky, T. F. Bailey, etc. A. Frank obtained graphite 
by heating the carbides of the alkaline earth metals, etc., in a stream of carbon di- 
oxide or monoxide, the halogens, or hydrogen halides, nitrogen, phosphorus, arsenic, 
hydrogen sulphide, ammonia, arsine, phosphine, organic ■ halides, sulphides, or 
nitrides. A. Remele and B. Rassow found small quantities of graphite remaining 
after the decomposition of calcium cyanamide by water, and it appeared to have been 
formed in the reaction between calcium carbide and nitrogen. 

E. L. Griiner obtained graphite in the reduction of ferruginous minerals by carbon 
monoxide, and M. Jungck, likewise, nickel ores. M. Berthelot showed that graphite 
may be formed when carbon separates from its combinations with the halogens, 
sulphur, boron, and possibly oxygen. According to R. Schenck and W. Heller, 

E. Baur, and A. Smits, the carbon derived from carbon dioxide is finely divided 
graphite. M. Berthelot also obtained a mixture of graphite and amorphous carbon 
by the action of phosphorus on sodium carbonate ; or by passing ethyl iodide or 
carbon disulphide through a red-hot tube. G. Dragendorff also studied the libera- 
tion of carbon by the action of phosphorus on sodium carbonate ; and G. Gore, by * 
the action of phosphorus, arsenic, or antimony on potassium cyanide. H. R. Ellis 
found that in the action of powdered magnesium on the carbonates of ammonium, 
calcium, magnesium, strontium, barium, and cadmium, or on carbon dioxide, some 
graphite always accompanies the carbon which is formed. E. Lionnet decomposed 
carbon disulphide by a couple— the so-called J. Smithson’s pile— formed by wrapping 
a sheet of tin-foil about one of gold-leaf, and obtained a deposit of crystalline carbon 
(graphite). 

G. Rousseau obtained graphite and diamonds by passing acetylene through 
the electric arc. F. J. Bergmann made graphite by heating acetylene with hydrogen 
dioxido to 150° under 5 atm. press., C 2 H 2 -f H 2 0 2 ->2C-f2H 2 0. Acetylene de- 
composes at about 780° : 0 2 H 2 -»2C-f H 2 , and the carbon is in the graphitic state ; 
and H. Erdmann and P. Kothner showed that in the presence of finely divided 
copper, the decomposition temp, is reduced to 400°~500°. H. Erdmann noted the 
formation of graphite crystals in the process of making amido-derivatives of naphtha- 
lene when the hydroxyl-derivatives and ammonia are heated in an iron autoclave 
at 290°-300°. According to P. and L. Schiitzenberger, when pure and dry cyanogen 
is passed through a porcelain tube at a cherry-red heat, it is only partially decom- 
posed, aftid even at a bright-red heat the decomposition is very limited, the interior 
of the tube being covered with a thin, brilliant, blackish-grey coating, with a sub- 
metallic lustre resembling that of polished graphite. If, however, there is placed in 
the hot part of the tube some gas carbon with powdered cryolite sprinkled over the 
surface, the cyanogen decomposes completely into carbon and nitrogen, even at a 
cherry-red heat. The oarbon separates in a bulky mass of very slender filaments, 
and, after a time, chokes up the tube. Those portions in contact with the walls of 
the tube are more compact and somewhat elastic. The carbon is friable, and leaves on 
paper a mark resembling that made by graphite, but not so bright. When a piece 
of aluminium was placed aldng with the gas-carbon, the carbon separated round it 
in non-elastic filaments, which could be compressed between the fingers into a mass 
resembling graphite. The filamentous carbon obtained by the decomposition 
of cyanogen is not identical with any of the established forms of graphite or carbon, 
and may be taken as a new modification. R. von Wagner also stated that the black 
azulmic acid obtained by the slow decomposition of hydrocyanic acid contains some 
^graphite. H. N. Warren said that if induction sparks are passed between platinum 
electrodes in coal gas, graphite is formed. A. Roedel described the extraction of 
graphite from gas-carbon. P. Pauli found that in the evaporation of the waste- 
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liquors in the preparation of soda, the cyanogen compounds are converted into 
ammonia and graphite. The reactions were discussed by J. Stingl, and W. Thal- 
heim. The preparation of graphite was described by E. Ryschkewitsch, and 
K. P. Gregarovitch ; and V. Kohlschiitter and A. Nageli studied the deposition of 
graphitic carbon, 2C0=C-bC0 2 , in cobalt, nickel, iron, and silver. K. A. Hof- 
mann and C. Rochling found a hard, lustrous, crystalline form of carbon was 
deposited when the flame of some of the aliphatic hydrocarbons comes in contact 
with chemically inert surfaces at a temp, exceeding 650°. A steel surface, probably 
owing to the intermediate formation of metallic carbides, gives only a deposit of 
graphitic carbon, whilst flames of burning benzene and naphthalene gave only 
amorphous, sooty carbon, or, at higher temp., graphitic carbon. The vitreous form 
of carbon has a sp. gr. at 4°— 2 *07 , is very pure (0— 99 06 per cent., H~--0’48 per 
cent.), and has a low electrical conductivity (\th to ,\th of that of Singalese graphite, 
and !,rdto -^th of that of Acheson graphite). It is also very hard - that prepared at 
900° having a hardness equal to that of quartz, that at 1100° having a hardness 
equal to that of topaz, whilst that prepared at 1300° is harder than carborundum. 
It is considered to be a form intermediate between graphite and diamond, and its 
X-ray spectrum shows characteristic lines of both these forms. 

The problems connected with our views as to the genesis of graphite in nature 
have not been solved except with reference to particular districts. Its occurrence 
in meteorites shows that it is not necessarily of organic origin. The various methods 
of synthesizing graphite — vide supra— show that it could be formed by contact 
metamorphism. T. 8. Hunt 2 assumed : 

The graphite of bedded rocks has been formed by the alteration of coal and similar 
matters at temp below redness ; while its subsequent translation into the veins, and its 
r P oSn i, fa crystalline form,’ together with venom other mineral., I.M boon el Md 
under conditions which, although imperfectly understood, probably included n<|. »oln. 
at a temp, not far below redness. 

J S Newberry showed that the trap dykes of the Sonora coalfield (South Mexico) 
have everywhere metamorphosed the coal into anthracite, and in extreme casesmto 
graphite. I., Jaczewsky supposes the Siberian mineral to have been form J,. 
transformation of coaly matter in eruptive magmas. M. Dierschc supposed graphite 
is formed by the infiltration of liquid hydrocarbons and their decomposition by tho 
hot lava. It is doubtful if the formation of graphite by the action of th > van. of 
carbon disulphide, carbon tetrachloride, etc., on heated iron lias any im- 
portance though possibly the conditions might occasionally be favourable when 
volcanic emanations contain these gases. E. Weinschenk assumed that metallic 
carbonyls might yield graphite by their decomposition, but there is no evidence 
that nature produces these gases. H. 1 Jensen postulates thiocarbonyls Ee 1% 

into graphite. J. Walther believed that the Cingalese graphite was formed by the 

>5 *• — »* J p"*” 1 *W* 
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regia, and hydrofluoric acid. Gebr. Bessel mixed the graphite with one to ten per 
cent, of animal or vegetable fat, ethereal oils, resinous matter, petroleum, paraffin, 
benzene, fusel oil, or ozokerite. The mixture was heated with water until boiling 
began. The graphite rises to the surface of the liquid, and can be skimmed off ; 
the gangue remains at the bottom. They have also devised some modifications of" 
the process. E. B. Kirby, H. Putz, J. D. Darling, M. F. R, Glogner, C. Winkler, 
and F. Gottschalk, also modified the process. A. Lang objected to the use of molten 
alkali hydroxides in the purification because of the possibility of changes in 
composition. W. Luzi recommended the following process : 

The ore is moistened with cone, nitric acid and then heated. During heating the mass 
swells considerably in developing peculiar wormlike forms. Theso forms are chemically 
unaltered graphite, but in consequence of their fine, delicate structure they are extraordi- 
narily light in weight, so that by washing in water they remain afloat and are carried away, 
while the constituents of the gangue, which have been completely separated from the 
graphite by the swelling up of the latter, sink to the bottom by continued agitation of the 
mass. It appears that graphite, according to this method, can be purified quickly and 
cheaply ; because first, the graphite is not powdered before being moistened with nitrig 
acid, nor is it mechanically cleaned ; and secondly, the mass is heated immediately after 
moistening ; und further, the swelling is instantaneous. The washing process afterwards 
takes little time, while little of the nitric acid is lost, as the process is performed in closed 
retorts. It is noteworthy that the graphite obtained by this method is plastic, in a very 
high degree, so that it can be pressed with ease into plates, etc. 

H. lo Chatelier and S. Wologdine treated the graphite with fuming nitric acid; 
then fused the washed and dried mass with potassium hydroxide for 30 minutes at 
a darkred heat ; the washed product was boiled with hydrochloric acid, sp. gr. 1*12 ; 
and finally washed with water and dried at a dull red heat. H. Langbein heated 
the graphite first with sulphuric acid ; and treated the washed product with sodium 
hydroxide. According to B. C. Brodie, graphite is conveniently purified on a small 
scale by the following process : 

The roughly powdered graphite, freed as much as possible from its impurities, is mixed 
with one- fourteenth part of its weight of chlorate of potash. This mixture is placed in an 
iron vessel ; cone, sulphuric acid (sp. gr. 1*8) of double the weight of the graphite is 
added and the whole thoroughly stirred and heated in a water- bath, until no more gases 
escape ; after cooling, the mass is put into water and thoroughly washed. The dry graphite 
is then exposed in a crucible to a red heat ; it swells up considerably and is converted into 
an exceedingly fine powder. In order to clean the graphite thoroughly, the powder is then 
subjected to washing and settling in water. If the graphite contains silicates and is to by 
made applicable to the manufacture of pencils, it is necessary to add a little sodium 
fluoride to the mixture of sulphuric acid, chlorate of potash and graphite ; the silicic acid 
escapes then as fluoride of silicon. According to F. Gottschalk, if the graphite is heated with 
a mixture of sulphuric acid and an oxidizing agent it is liable to become oxidized. 

• 

J. Lowe, and 0. G. Pritchard have modified the process somewhat as follows ; 

Eighteen parts by weight of graphite, one part by weight of chlorate of potash are treated 
with 36 ports of sulphuric acid (sp. gr. T8). The whole is gently heated until no more 
phlorine escapes, the surplus of sulphuric acid is poured off, and a small quantity of sodium 
fluoride is added to the graphite paste. Finally the mass is thoroughly washed and tho 
graphite exposed to a red heat, when it forms a red spongy ma&. 

♦ 

J. B. A. Dumas and J. S. Stas heated the material with potassium hydroxide ; washed 
with water ; boiled ^jth aqija regia ; washed with water and passed chlorine over 
the white-hot material. <The product is thus freed from iron, silicon, and hydrogen. 

O. L. Erdmann and R. F. Marchand found a sample with 0 5 per cent, of silica after 
this treatment J. L. Gay Lussac digested the graphite with nitric acid, and 

P. Schafh&utl, with hydrofluoric acid. H. Y. Regnault heated the finely powdered 
graphite with equal parts of sulphur and sodium carbonate until the blue flame of 
sulphur ha*d disappeared ; washed the cold mass with water ; with dil. hydro- 
chloric acid ; with a dil. soln. of ammonium chloride ; then boiled with soda- 
lye ; washed with water ; and calcined in a covered crucible. M. Langheinrich, 
and the Graphite works at Kropfmtthl purified gxgtphite by heating a mixture of 
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§ 7. The Preparation ol Amorphous Carbon 

The term amorphous carbon is applied to a comparatively large variety of 
carbonaceous substances which are not regarded as diamond or graphite. Though* 
originally intended to imply that these varieties of carbon are non-crystalline, the 
term is now used for classification purposes without reference to the crystalline 
character. The term embraces such substances as soot or lampblack, gas carbon, 
wood charcoal, bone-black, and coke. The various coals are sometimes also included 
in the term amorphous carbon, although these substances might more accurately 
be regarded as hydrocarbons, and their study more fittingly belongs to organic 
# chemistry. Amorphous carbon usually contains a small proportion of hydrogen and, 
maybe, a certain proportion of earthy matter usually regarded as ash. Amorphous 
carbon is formed in a great variety of ways, which may be arranged in two groups : 
(1) Metathetical reactions and reactions in which carbon is displaced from com- 
bination with other elements ; (2) Reactions in which carbon is separated during the 
thermal decomposition of a carbon compound, a reaction sometimes facilitated by air. 
Of course, these pyrogenetic processes represent but special modes of formation which 
could be included in the first group. In some cases what appears to be a mixture 
of amorphous carbon and graphite is obtained by the solvent action of various 
agents on metals in which carbon or carbides have been dissolved — vide graphite. 

( 1 ) The formation of amorphous carbon by a reaction with other chemical agents . — 
H. Moissan 1 found that when fuming sulphuric acid acts on starch at 200° for 24 hrs., 
a black substance is obtained which can be purified by washing with cold water, 
alcohol, and ether, lhe product appears to contain a humic acid analogous to that 
obtained by M. Borthelot and G. AndnS by the action of hydrochloric acid on sugar. 
H. Moissan regards the homogeneous powder as un produit de transformation, un 
acheminement vers V element carbone. After heating it to 400°, it contained : Ash, 
2*64 ; carbon, 79*69 ; and hydrogen, 2*29 per cent. If sugar be similarly treated, 
and heated, much of the hydrogen compounds arc destroyed and its analysis fur- 
nished : Ash, 4*26 ; carbon, 88*21 ; and hydrogen, 0*75 per cent. Some combined 
sulphur is also present. H. Moissan found anthracene reacts vigorously with a 
sat. soln. of ferrio chloride at 180°, contained in a flask fitted with a reflux condenser. 
After 24 hrs., a dark brown substance is formed which becomes black on drying. 
The product was washed with hydrochloric acid, boiling water, benzene, alcohol, 
and ether. It contained : Ash, 21*29 ; carbon, 62*17 ; and hydrogen, 0*91 per cent. 
The ash contained much ferric oxide, and was not homogeneous ; it contained some 
acicular crystals of hexachlorobenzene. The amorphous carbon so obtained is very 
impure ; H. Moissan called it un compost carbont de transition . * * 

S; Eorcher passed carbon tetrachloride over a layer of heated sodium and 
obtained carbou quite # f$ee from hydrogen. C, Despretz, using a copper anode 
and platinum cathode, passed an electric current through an alcoholic soln. 
of carbon tetrachloride for six months ; a brown film of carbon was 
deposited on the cathode. He also passed a feeble electric current for two 
months through acidulated water using a carbon anode and platinum cathode. 
The black cathode deposit showed no signs of crystallization. H. Moissan 
investigated the action of a voltaic couple of aluminium and platinum on hydro- 
carbons and various organic compounds, but in most cases no decomposition 
occurred. H. Moissan got very impure products by the action of light or heat on 
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carbon tetraiodide. An amorphous powder was obtained by the action of J. Smith- 
son s couple a piece of tin wrapped round with gold-leaf-von a soln. of the tetraiodide 

car on disulphide, during four years ; a similar product was obtained by the 
actmn of zinc dust. After washing with water, alcohol, benzene, and finally alcohol, 
tne light amorphous black powder contained a little zinc oxide. Sodium, silver, and 
ea , under similar conditions, reduced the tetraiodide to the lower iodide without 
tne separation of carbon ; with magnesium, brown amorphous carbon slowly 
separates and floats on the liquid. After washing as indicated above, the product 
contains traces of iodine and magnesium. When the metal is covered with a layer 
o carbon, further action ceases. These varieties hold water very tenaciously, and 
if dehydrated by heat, the carbon probably polymerizes. M. Berthclot obtained 
amorphous carbon by washing the product obtaiued by the slow oxidation of copper 
acetylide at ordinary temp. 

According to H. Moissan, amorphous carbon is obtained when carbon dioxide iB 
reduced by a heated metal — e.g. the alkali metals, calcium, etc. — he found that if with 
calcium the heat is applied slowly, carbon and calcium oxide together with a little 
calcium carbide, are formed, but if the heat is applied quickly calcium carbide and 
oxide are produced. He also found that at a dull red heat boron burns in dry carbon 
dioxide. When the porous cylinder which remains is treated with water, amorphous 
carbon is obtained. Traces of boron can be removed by the passage of chlorine 
at a dull red heat, and washing the product with water. An analysis gave : Ash, 
0*96 ; carbon, 86T6 ; water, 12 70 per cent. The Aktiebolaget Graacn claimed to 
have made pure carbon by the action of iron on- carbon monoxide under press. 
J. P. Wibaut found that carboiyirepared by passing carbon monoxide over iron oxide 
in a porcelain tube at 450°-470° was always contaminated with much iron oxide, 
and all attempts to eliminate this impurity were unsuccessful. V. Kohlsehiitter and 
A. Nageli investigated the carbon obtained by passing carbon monoxide, heated 
to 500°, over powdered nickel, cobalt, and iron. L, Gruner, R. Schenck and co- 
workers, A. Smits, and 0. Boudouard also studied this reaction -vide infra. 
G. Tammann observed that by the action of mercury vap. on carbon tetrachloride 
at 600° -700°, mercurous chloride is formed and carbon is deposited. Under high 
press., 900 to 2760 kilos, per sq. cm., the reaction starts at about 400“ and is 
accompanied by a fall in press. Carbon tetrabromide and tetraiodide react 
similarly. The carbon so formed retains tenaciously 7-10 per cent, of any 
water present, after heating at 600° in a stream of nitrogen. The density of the 
carbon so obtained is high, 2*32 from carbon tetrachloride, 2*51 from "the t^tra- 
bromide, and 2*37 from the tetraiodide, whilst that of graphite is 2T~-2’3. Carbon 
obtained similarly from hcxachloroethane had d- -2*16, that from hexachlorqbenzene 
2*46 to 2*22, and from carbon disulphide, 2*38. It appears that carbon formed by 
reactions not involving the formation pf water has a higher density than that which 
is formed with water. On keeping, this dense form of carbon absorbs much water, 
and, when it is again dried, its density is found to have diminished. A. Franck 
obtained amorphous carbon by the action of carbon monoxide or dioxide, or mixtures 
containing these gases, o ^acetylene in a heated tube, or exposed to electric sparks : 
feH 2 -fC0-»3C+H 2 0 ; and in place of acetylene the carbides of the alkaline earths 
or other metals, at 200°~250° : CaC 2 -f CO-»CaO+3C. He also exploded mixtures 
of carbon monoxide and acetylene under press, exceeding £ atm. According to 
M. Berthelot, amorphous carbon is formed when various hydrocarbons are decomposed 
by chlorine or iodine ; and H. Moissan obtained a similar result by treating various 
metal carbides with the halogens or hydrogen halides. G. Gore obtained a deposit 
of carbon on the cathode during the electrolysis of a molten mixture of sodium 
hydroxide, silica, and anhydrous alkali carbonate ; carbon was also obtained by 
reducing molten alkali carbonate with aluminium ; T. L. Phipson, and t. Winkler 
used magnesium with the carbonates of the alkalies or alkaline earths. G. Gore* 
found that arsenic or antimony is ineffective. He also showed that a mixture of 
amorphous carbon and graphite was formed by the action of sodium, phosphorus, 
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arsenic, or antimony on molten potassium cyanide. W. A. Bone and J. C. Cain 
obtained carbon by exploding a mixture of cyanogen and hydrogen with insufficient 
oxygen for complete combustion. 

The amorphous carbon obtained by reactions at a low temp, is more or less 
* impure ; a small proportion of the reducing agent is nearly always present, and.is 
not removed by treatment with the solvents applicable under ordinary conditions. 
H. Moissan said that the product of the action of magnesium on carbon tetraiodide 
was the purest he had obtained. Hydrogen also is retained so very tenaciously that 
M. Berthelot inclined to the belief that the products are true hydrides. Water, 
hydrogen, and hydrocarbons cannot be removed except by raising the temp., but, 
added H. Moissan, pour chasser ces impuretes, ilfaut le chauffer , c' e&t-b-dire le poly - 
meriser. Hence, the varieties of amorphous carbon prepared at an elevated temp, 
are said to be more or less polymerized, and more resistant to chemical action. 
W. A. Roth and H. Wallasch found it to be impossible to prepare pure, amorphous, 
pnd thermally well-defined, carbon. 

(2) The formation of amorphous carbon by the pyrogenetic decomposition , or 
incomplete combustion of organic compounds. — H. St. C. Deville stated that amor- 
phous carbon is produced when carbon monoxide is heated to redneBs, or exposed 
to the action of electric sparks ; but R. Schenck and W. Heller said the product 
is finely divided graphite — q.v. M. Berthelot found carbon monoxide is reduced to 
carbon by iron and manganese minerals. The carbon obtained by T. Sidot by , 
passing carbon disulphide through a red-hot tube is probably graphitic. H. Moissan 
obtained amorphous carbon by the pyrogenetic decomposition of carbon fluoride 
at a dull red heat. M. Berthelot observed that ^cyanogen is decomposed into 
amorphous carbon and nitrogen by a stream of electric sparks. P. and L. Schiit- 
zenberger also studied this reaction. 0. L. Erdmann and R. F. Marchand, and 

M. Berthelot obtained carbon by passing the vap. of volatile organic compounds — 
e.g. hydrocarbons, fats, oils, alcohol, ether, etc. — through a white-hot porcelain tube. 
H. von Wartenberg obtained carbon by the action of heat, at 600°, on methane : 
CH 4 ^CH-2H 2 . Various hydrocarbons and coal gas act in the same way as shown by 
J. L. Gay Lussac, W. Luzi, I. Szarvsky, H. Colquhoun, E. W. Brayley, M. Berthelot, 

N. G. Sefstrom, etc. In 1826, H. Colquhoun noted the formation of gas carbon or 
charbon de cornuc in gas retorts by the decomposition of hydrocarbons derived from 
the coal. V. A. Jacquelain found 2*7 per cent, of ash in a sample of gas carbon. 
According to M. Constant and H. P61abon, a form of carbon wool is sometimes met 
within the upper portions of recuperative coke-ovens, especially at the aperture 
for the exit of the hot gases. The formation of filamentous carbon is probably 
due to tjie decomposition of heavy hydrocarbon vap. by heat. 

The carbon wool consists chiefly of grey cylindrical threads with glazed surfaces, some- 
time* showing a series of expansions, and occasionally bearing bundles of much finer black 
threads. The average length of the threads is 5 oms., even attaining 8 cms., the diameter 
varies from 0*03 to 0*15 mm., the black threads being perhaps only 0 002 mm. When 
heated in dry oxygen, combustion begins at 685° and is complete, only 0*4 per cent, of 
ash being found. A mixture of nitrio acid and potassium chlorate oxidizes the carbon to 
graphitio acid ; and it is therefore graphite. 

G. Gore found that the action of red-hot ferric oxide on coal gas is attended by thT 
separation of carbon j silver fluoride and chloride, and lead and cupric chlorides act 
similarly, but cadmiunmhloride remains unchanged. 

Most organic matter when heated out of contact with the atm.— the so-called dry 
distillation — is decomposed and a residue, more or less carbonaceous, remains. The * 
product always contains a certain amount of hydrogen, which becomes smaller as the 
temp, is raised. M. Berthelot 2 believes that carbon per se is the limiting state of a 
series of hydrocarbons, and that many of the so-called varieties of amorphous carbon 
•are really members of the series of extremely condensed carbides which are very stable 
at high temp. L. Punier’s carbopktrochne with 96 to 97 per cent, of carbon is another 
member of the series of pyrogenetic hydrocarbons. N. K. Chaney has reported 
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Hurt a hydrocarbon resembling anthracene, b.p. 360°, can be isolated from charcoal 
which has been heated to 850° ; and H. B. Harned showed that heating charcoal to 

},„ 'V 4 ®! 10 j “?] 8uffice t0 P roduce * g»s-free carbon. 0. L. Erdmann and 
K. F. Marchand could not remove hydrogen and oxygen from charcoal at a 
white heat. 


When purified sugar is slowly heated much bubbling occurs, and a voluminous 
residue -— sugar charcoal — is obtained. The product should leave little or no ash. 
According to 0. L. Erdmann and R. F. Marchaud, after heating white hot, tho 
product still contains 0*6 per cent, of hydrogen and 3*1 per cent, of oxygen ; and 
after 3 hrs. heating in a blast flame, it contains 0‘2 per cent, of hydrogen and 
0*5 per cent, of oxygen. In order to get rid of hydrogen from the different varieties 
of carbon, J. B. A. Dumas and J. 8. Stas, H. V. Regnault, and H. Moissan recom- 
mended passing chlorine for 4 or 5 hrs. over the carbon at a red heat (or 1000°). 
M. Berthelot and P. Petit followed this treatment by digesting the product with 
hydrochloric and then with hydrofluoric acid, and washing with water. 

In the preparation of the so-called activated charcoal, or active charcoal for 
use as an absorbent in gas-masks, etc., a porous charcoal is prepared at a low temp., 
850°-~900° ; and the adsorbed hydrocarbons are. removed. The process of manu- 
facturing active carbon has been described by F. M. Dorsey, N. K. Chaney, 
A. B. Lamb and co-workers, S. Hiller and L. A. Clarke, L. le W. H&rnon and 
• T. H. Byrom, J. N. A. Sauer, A. Zelnecyek, M. T. Saunders, W. L. Jordan, N. Suzuki, 
A. B. Ray, J. C. Philip and co-workers, K. Scheringa, F. H. Carr, E. 0. R. Ardagh, 

J. E. Teeple and P. Mahler, E. R. Sutcliffe, J. C. Morrell, R. A. Demme, F. Bonnett, 
0. Ruff and co- workers, V. F. Gloag, etc. The general method of procedure is 
to heat thin layers of charcoal, screened to 14’s mesh, between 350° and 450° in 
a rapid stream of air with the object of breaking down the hydrocarbons 
of high b.p. into more volatile substances which are removed at a low temp. 
The hydrocarbons are oxidized rapidly and the carbon slowly. A current of 
steam between 800° and 1000° has the same effect. If the primary carbon is 
heated to a high temp., more or less graphitization occurs, and the product 
is not activated by the subsequent treatment. The material is charged into 
retorts in thin layers to prevent as much as possible contact between the 
hydrocarbon vap. and hot charcoal. A slight suction is maintained in the retort, 
and most of the hydrocarbons are removed before a dangerous temp, is reached. 
F. E. Bartell and E. J. Miller have described the preparation of activated sugar, 
charcoal by charring sugar in a large platinum dish ; afterwards heating it to low 
redness to drive off the greater part of the volatile matter ; and then heating the * 
material, reduced to granules the size of wheat kernels, for 24 hrs. in silica tubes 
at 100°. V. Lenhcr and F. M. Dorsey purified carbonized material by treating it with, 
selenium oxychloride, washing with garbon tetrachloride, and heating to volatilize 


the last-named solvent. 

The apparent sp. gr. of primary and purified charcoal from some different sources 
were determined by A. B. Lamb and co-workers. The following is a selection : 


Syca- 

more 

Primary . O' 158 
Activated 0 080 


Cedar 

Brasil 

nut 

Ivory 

out 

Cohuue 

uub 

Babawm 

nut 

Cocoa- 

nut 

Sawdust 

Bitu- 

minous 

coal 

Anthra- 

cite 

coal 

0-223 

0-520 

0-700 

0-659 

0-540 

0-710 

0-542 

0-789 

0-830 

0-097 

0-316 

0-460 

0*502 

0322* 

0-431* 

* 

0'365 

0-430 

0-371 


The last three varieties in the list were briquetted before charring. The gas Adsorp- 
tion qualities were at the same time so much improved that N. K. Chaney argued 
that the so-called amorphous carbon exists in two forms, active or a-car6on, and 
inactive or p -carbon. He said the active form is readily attacked by oxidizing 
agents, while the inactive form resembles graphite in its stability towards oxidizing 
agents! There is, however, no satisfactory evidence that the so-called inactive 
carbon is anything different from more or less graphitized carbon. According to 
K. K. Chaney, the active form results when the carbonization occur* below 600®, 
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and the inactive form above that temp. There is, however, no sharp temp, of 
demarcation, and no transition temp, has been observed. Inactive carbon is also 
formed by the decomposition of hydrocarbons. Acetylene below 300° may give 
active carbon, and above that temp, inactive carbon. 

* Wood charcoal-When wood is heated to a high temp. in a closed vessel, much 
gas and vap. are evolved, and wood charcoal remains. D. Avery obtained what he 
called a very pure form of charcoal from cocoanut shell. This was strongly heated 
in closed clay crucibles for some hours, then boiled with nitric acid for 5 or 6 hrs., 
and washed thoroughly till the runnings were nearly free from acid — the washing 
taking several days. It was then dried in the air, crushed and sieved, collecting the 
particles between 1 and 3 mm. diameter. These were dried first in a desiccator over 
strong sulphuric acid, then over phosphorus pentoxide, and finally heated to redness 
in a closed platinum crucible and cooled in a desiccator over phosphorus pentoxide. 
The crucible was heated in a muffle in an oxidizing atm. to avoid the possibility of 
absorption of hydrogen or other reducing gases from the furnace. The amount of 
ash in the product was 0*23 per cent., and its hydrogen content was 0*28 per cent. 
Industrially, wood charcoal is prepared by the incomplete combustion of wood in 

a limited supply of air. 
In outline, the process of 
manufacturing pit charcoal 
is as follows : 

Logs or billets of wood 
aro loosely piled into vertical 
heaps and covered with sods 
and turf to prevent the free 
access of air. A shaft is left 
in the middle of the pile to 
act os a central chimney or 
flue ; and smaller holes are 
left round the bottom to 
admit the air. The pile so 
prepared is called a charcoal 
pit or meiler. There are 
several systems of setting or 
piling the logs; one is illus- 
trated by the sketches, Figs. 
0 and 7. In Sweden, rect- 
angular piles are used, and the wood is placed horizontally and transversely. Tho wood is 
lighted by brushwood at tho centre, and just sufficient air to allow the wood to smoulder 
is passed through the pile. The volatile matter escapes, and in about fifteen days the fire 
dies out. Botween 80 and 90 per cent, of wood, on the average, is lost by combustion, 
and the Remaining 10 to 20 per cent, is wood charcoal ; the process can be used satis- 
factorily only where wood is cheap and abundant because the method is uncertain and 
wasteful. The process is still employed in a few places in Europe. 

Some valuable gaseous and liquid products are lost in making pit charcoal. 
In modern processes, the wood is heated in ovens, kilns, or retorts, sealed from the 
outside air and kiln, stove , or retort charcoal results. The operation may be con- 
ducted simply for charcoal without recovering the by-products, or the operation 
may be conducted somewhat similarly to .the process used for the manufacture of 
coal gas. The products of the dry distillation of wood include : solid charcoal in 
the retort ; liquids — wood t£r ( Stockholm tar from pine wood) ; water containing 
wood spirit ; pyroligneous acid t that is, impure acetic acid ; acetone and fatty 
oils ; and wood-gas — containing hydrogen, carbon dioxide, carbon monoxide, 
methane, acetylene, etc. The wood gas is used for illuminating purposes only when 
the temp, of distillation has been very high. The products are approximately : 
charcoal, 25*3 ; methyl alcohol, 0*8 ; acetic acid, 10 ; tar, 4 0 ; water, 45*9 ; wood 
£a8, 23 per cent. The charcoal in the retort retains the form of the wood from which 
it was prepared.. Kiln charcoal is more compact than the pit charcoal — in the former 
ease the charcoal weighs 20 lbs. per bushel, apd in the latter case, 16 lbs. per bushel. 



Fiu. (J. - Skotch of a Meiler in course of Construction. 
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The yield of charcoal is about 81 per cent, by volume, 28 per cent, by weight. 

H. Violette recommended carbonizing the wood by superheated steam. 

Coke.— Coke is an industrial fuel obtained as a residue in the dry distillation of 
coal, i.e. by heating coal in a closed vessel out of contact with air. The coal should 
contain sufficient bituminous matters to cement it into masses at a certain temp. . 
Coke generally contains between 85 and 90 per cent, of carbon. Coke is used in 
the manufacture of iron and steel, and in a great many metallurgical operations 
where its comparative freedom from sulphur and certain other impurities render 
it more suitable than coal. Coal may bo converted into coke by heating it in closed 
vessels — gas, tar, and ammonia are obtained as by-products ; or if coal gas is being 
manufactured, coke, tar. and ammonia are the by-products. The properties of 
coke depend upon the nature of the coal from which it is obtained, and upon the 
way the coal is coked.” The main varieties are : (i) soft coke —porous, black, and 
brittle; it ignites with difficulty, and is used for smith’s forges, etc.; (ii) hard coke 
dark grey in colour, with bright lustre, compact, and with metallic ring when struck, 
bears great press, without crushing, and is used for furnace work and metallurgical 
operations generally. Coke may or may not be prepared under conditions where the 
by-products are recovered. Coke has been made in four ways: (i) in heaps or meilers , 

(ii) in gas retorts ; (iii) in 
beehive ovens ; and (iv) in 
by-products ovens. Pro- 
cess (i) is so wasteful that 
it is obsolete. Commer- 
cially, spent wine must 
and yeast, vine twigs, vino 
wood, grape husks, fruit 
stones, spent hops, oil-cake, 
nut-shells, chestnuts, and 
various kinds of wood are 
carbonized or charred to 
furnish the so-called catbon- 
blacks used by painters 
under various names— -like 
Frankfurt black , Spanish- 
black, , vine-black } drop-blacky 

PiiigissHS' 

shales. 

Thebeehivt oven Boca *^.? n .^u° , , 1 ! 1 c t r ^ t cach 200ovens^ 

wasteful. The ovens are , bp.lt in bat tones each of which may ^ ^ ^ ^ ^ buming 

Each oven cokes about 7 ton *° f ?™ ! tb f door and t h e gases escape through the top flue 

daro^rf h The°a^ 1 oponhig8 r we 

“ d W *‘ CT fr ° m * “ aPtaye<1 “ * hC 0Ven ’ 

is then ready tor ^fchargmg. horizontal chambers built side by side in batteries 

Coking t n retorts. The retorta . ^ discharging when the other is half 

of 22 to 60. The retortsare wor P* for the escai>o of the volatile products 

coked. The retorts are closed except for th through condensers, and the gaeea 

of distillation. The producU of d^Uon^ There ^ ^ 

are returned to be burnt in tne non u. t : nn wa rms ud the air — secondary air — 

which the waste heat from i to preduoU 48 hr»„ tSTJokei. 

which is employed for burning g at orice quenched with water. The 

SSK *££££* - «* a 71,0 yield ftkno “ 



Fig. 7.— Sketch 


of a Meiler shortly after it has boon lighted. 
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theoretical. The by-produota are recovered. The coke ia black, hard, compact, and 
without metallic lustre. There are numerous varieties of by-product coke-ovens. 

In nature, there are cases where igneous rocks have intruded bituminous coal 
seams, and transformed the coal into a kind of natural coke sometimes called carbonite , 
It resembles artificial coke but usually contains more volatile matter, and is more 
compact. 8 

Bone or animal charcoal. — This is made by heating bones, bone-cuttings, 
blood, etc., in closed retorts. The bones may or may not have been subjected to 
a preliminary extraction with naphtha or benzene to remove the fat — degreased 
bones ; or with superheated steam or water to remove gelatine (glue)— degelatinized 
bones. The products of the distillation include : solid bone charcoal in the retort ; 
liquid— a number of ammonium salts, bone oil, bone pitch, pyridine, etc. ; and 
gases of various kinds. The manufacturing processes have been described by 
B. E. R. and J. A. R. Newlands, 4 T. Lambert, 0. Cordel, W. Friedberg, etc. The 
better quality of bone-black is considered to be that prepared by processes in which 
the volatile products are entirely disregarded. J. Pilter made animal-black from 
leather-waste. Bone charcoal contains only about 10 per cent, of carbon, so that 
it is questionable if it ought to be included with the varieties of carbon at all. 
T. Lambert gives the following analyses of two chars— the first one is considered 
good, the second one bad : 


0 

Caa(P0 4 ) a 

Mg a (P0 4 ) a 

CaCO s 

CaS0 4 

CaS 

Fe a 0 3 

Alkaline salts 

S10 a 

10-76 

73*60 

6*08 

8-69 

0-06 

0-03 

0-16 

044 

0-29 

6-83 

70*39 # 

8-47 

10-92 

0-78 

0-46 

0-63 

0-49 

10-3 


The carbon is very finely divided and disseminated through a porous mass of about 
80 per cent, of calcium and magnesium phosphates, and it seems to have specially 
valuable qualities. N. Grager purified animal charcoal by grinding the product with 
4 to 5 per cent, of a soln. of sodium carbonate, then with water, then with 
hydrochloric acid, and finally with water. Processes have also been indicated by 
G. Banfi, G. Hoppe, M. Takahashi, C. Thumb, H. Eisfeld, G. Kriegar, etc. Bones 
furnish bone-black — sometimes called ivory black— the term, ivory black is also 
applied to the product obtained by digesting bone-black with hydrochloric acid 
to remove the calcium phosphates ; very little of the ivory black of commerce is 
made from ivory cuttings. The carbon blacks of vegetable or animal origin, 
after treatment with dil. acid, also furnish the so-called Paris black used as a pigment. 
Blood furnishes blood charcoal. For the uses of bone-black and animal charcoal, 
vide infra. # There are many trade-names for the decolorizing bone-blacks : norite, 
• darco* supchar, kelp-char, carbrox, bone-char, etc. C. H. Hall considers that the 
active decolorizing agent in bone-black is a mixture of nitrogenous decomposition 
products # of bone-cartilage, etc., with the empirical formula C 25 H 2 oN 4 0 6 : these 
products are insoluble in alcohol, ether, benzene, and chloroform, but soluble in aq. 
ammonia, cone, sulphurio acid, and cone, hydrochloric acid. Soln. in the two last- 
named acids are precipitated by adding water. T. L. Patterson has described 
analogous compounds. F. E. Bartell and E. J. Miller, and P. M. Horton doubted 
if nitrogenous substances are the active agent. 0. Ruff .said that the activity of 
charcoal is due to the atoms and atom-groups of foreign materials bound to the 
surface of the charcoal. These atoms are the cause of the specific property of active 
charcoal, and they are characterized by the firmness of their linking to the carbon 
atoms on the surface. Cthef atoms can easily attach themselves to the surface, 
but these are readily replaced by others, and are not firmly bound. With every 
change in the nature of the surface of the charcoal, the absorptive properties are 
markedly ohanged. 

Lampblack. — When hydrocarbons like wax, fat, coal gas, turpentine, tar, 
petroleum, acetylene, etc., are burnt in a limited supply of air, carbon seems to be 
the last element to oxidize, and if the flame be suddenly cooled, by bringing a cold 
eurfaoe in contact with it, much of the carbon is deposited unburnt. The air supply 
can be arranged so that the maximum amount of smoke is developed in the combus- 
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tion of the hydrocarbon. The smoke can be collected as soot, the so-called lamp- 
black, or noir de Jumde, in chambers hung with, sacking. The soot which collects 
on the surface of the “ blankets” is scraped or shaken off from time to time. The old 
and primitive arrangement illustrated by J. B. A. Dumas’ 5 diagram, Fig. 8, indicates 
the general principles of the process : 

The apparatus consists of a cylindrical brick chamber ton or fifteen foet in diameter 
provided with a conical roof which has a small opening near its apex, sufficiently large to 
maintain a slight draught and which causes the smoke to aeoend toward the upper part of 
the ohamber. A cone of sheet iron hangs within the cylinder, and this too lias a small 
hole at the top to allow the gases to escape. At the side and base of the chamber there is 
a kind of furnace, above the fire of which is placed a pan containing resinous or fatty matters, 
which are heated to a point sufficient to convert them into vap. This vap. then undergoes 
sufficient combustion to deprive it of its hydrogen, while most of the carbon remains uncon- 
sumed. The smoke ascends into the chamber 
and is mostly deposited upon the hanging canvas 
or saoking which covers the walls and upon tho 
inner surface of the iron cone, from which it falls 
after a certain thickness has been collected. 

The cone is so held by a chain and pulloy that 
it may be raised or lowered, which operation 
scrapes the lampblack off the sacking. The 
lampblack thus prepared is not pure carbon, 
as it is mingled with resinous and bituminous 
substances, together with ammoniacal and other 
matters. By heating it to full redness in retorts 
which are air-tight, nearly all these impuritias 
are driven off and an almost pure, impalpable 
black powder remains. 

The yield is only about 20 or 30 per 
cent., but the product obtained by this 
uneconomical process is fairly good. The 
important point is to keep down the temp, 
of the flame, for if the temp, be high, the 
product becomes hard and floury, with 
poor binding qualities. A great many ini- 
provements have been introduced to render 
it more efficient. The methods of burning 
the hydrocarbons, devices for cooling the 

f. m™, ... 

R Thalwitzer burnt mixtures ot benzene, anil oil-gas ; A. Geutlie, naphthalene , 
H Oishi camphor ; 0. S. Bradley, methane ; 0. Wegel.n tar ; ami H fefrger and 
F Wirth, acetylene or other hydrocarbons with triple-bonded carbon atoms. 
R 0 Neal G L. Cabot, R. Irvine, R. H. Brownlee and R. H. Uhlinger, and 
others have’described the preparation of lampblack from burning natural gas. One 
process is conducted as follows : 

a nf burners is mounted below a cast-iron disc, with a groove on the rim convex 
, in such a way that the flame from each burner is divided into two CMd 

down » um>er side of the groove, and away via the hollow shaft wnioh states 

SM* Tto K thrill, irfcoutact with th l buying gH, SftMgfg 

in A» the aisc revolves, an automatic scraperVmowes the lampblaeh ftom the 

^ the disc. The lampblack tails into a hopper and is conveyed by elaborate 
m achiner y to be ground to the finest powder, sifted, and weighed into sacks. 

W Moissan prepared lampblack from petroleum oil at a dull red heat. It eon- 
tain^Xs-Tb; carbon, 87-49; and hydrogen, 2-76 per cent. It wasponfiedby 
suM^sivewasbing 8 with benzene, alcohol, and ether so as to remove hydrocarbon 
Th^wder was then dried in air and afterwards in an oven at 150 . It contained . 
**h,^-28; carbon, 93 03; and hydrogen, 112 per cent. The hydrogen comes 



Fia. 8.— Primitive Process for tho 
Manufacture of Lampblack. 
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partly from water and partly from hydrocarbons. H. Braconnot gave for the 
analysis of lampblack : 

0 <NH 4 ) a 80 4 K,S0 4 CaS0 4 (Cft,Fe) 3 (P0 4 ) 1 KOI BIO, fl ,0 

79*1 0*3 0-4 0-8 03 trace 06 8*0 

together with resinous matters, 5 3; bituminous matters, 1*7 ; and ulmine, 0*5 
per cent. Amorphous carbon is obtained by burning acetylene at the end of a 
glass tube 6 mm. in diameter, and surrounding the flame by a hollow copper cylinder 
3 cms. in diameter and cooled by a stream of cold water. The amorphous carbon 
obtained by M. Berthelot by decomposing acetylene with a detonator of fulminating 
mercury contained: ash, 7*87; carbon, 92*48 ; hydrogen, 0‘40 per cent.; and 
H. Moissan added ce carbone amorphe est un des plus purs que nous ayoris etudih. 
H. H. Lowry studied the relation between the hydrogen content of charcoals and 
some of their properties— sp. gr,, porosity, oxidizability, etc. 

In addition to the ordinary process of producing lampblack by the incomplete 
combustion of hydrocarbons, etc., with a limited supply of air, processes have been 
devised which are based on the decomposition of gases and liquids by explosion or 
by electrical processes. Thus, F. Morani exploded a mixture of acetylene and air 
under press., the temp, of the explosion is higher than that obtained in the ordinary 
combustion processes ; and, in order to keep down the temp., he recommended 
mixing the acetylene with an exothermal gas like methane, ethane, etc. G. Wegelin 
tried to utilize the heat developed in the explosion of acetylene to run a combustion 
engine. L. J. E. Hubon produced acetylene black, or noir d'acttyttne by exploding 
acetylene in a closed vessel by an incandescent tube, or wire, or by electricity. 
J. Machtolf decomposed the hydrocarbon gases by electric sparks, or by a fulminating 
mercury detonator. A. Schneller and W. J. Wisse decomposed 
gaseous, liquid, or solid hydrocarbons by high tension sparks— 
10,000 to 40,000 volts. 

B. Thieme described an electrical process in which the carbon 
is separated directly from the flame itself ; this has the effect of 
cooling the 'flame and at the same time increasing the yield of 
soot. The principle of the process is illustrated by Fig. 9. If 
two poles of a source of electricity at about 15 volts be intro- 
duced close together in a candle- flame a deposit of soot is formed 
at the negative pole, and the deposit grows in the direction of 
the course of the gases. In the technical process, soot is simi- 
larly preoipitated from the flame, and the apparatus is so 
arranged that a constant supply of fresh soot is formed at its 
surface : this prevents the lampblack when once formed from 
being impaired by the heat. The precipitation is rapid, so that it is not long 
exposed to the influence of the flame. The product is said to be very fine in 
texture and specially suited for making printer’s ink. The manufacture of carbon 
blaok has also been -described by R. O. Neal and G. S. J. Perrott, G. S. J. Perrott 
and R. Thiessen, L. F. Hawley, etc, . 

T. Svedberg 0 prepared colloidal carbon as an isobutyl-alcosol by his electrical 
process (1, 23, 10). H. Freundlich, and W. R. Whitney and A. Straw obtained 
suspensions of carbon in soln. of hydroxides, and in picric acid. Mixtures were 
made with lampblack? qpd water, and with 0-0004, 0 0006, 0 001, 0 002, 0*004, and 
0*006N-soln. of sodium hydroxide. The maximum stability of the suspension 
was obtained with the cone, approximating OOOlN-NaOH. According to 
P, 0, L. Thorne, carbon sols may be prepared by anodic disintegration, by chemical 
oxidation, and by the decomposition of organic compounds. A stable carbon sol 
may be prepared by the electrolysis of a soln. of ammonia for 6 hrs. between carbon 
electrodes with an anode current density of 0*6—1 2 amp. per sq. cm. and a voltage 
7)1 220. After filtering, the soln. had an ammonia cone.* of 0145N and gave a solid 
residue of 0*034 g. per 100 c.c. The residue is insoluble in water, but is peptized 
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'A ^iesence of a trace of ammonia ; the excess of ammonia may be removed 
jby boiling, and the sol is then more stable than the original sol, which on dialysis 
w flocculated when the ammonia cone, falls to 0’039jV. " The ammonia*free-sol 
i* d<^p hlack in layers greater than 1 cm. thick and brown in thinner layers, and ia 
|$*de up of particles of about the same size as those of metallic sola. The number 
mUhmols of electrolytes necessary to coagulate 1000 c.c. of the given sol waa 
^relatively 290 ; ammonium hydroxide, 9000 ; sodium chloride, 450 ; barium chloride, 
0*5 ; and aluminium chloride, 0 3 . According to S. Goldberg, colloidal carbon, 
free -from electrolytes, migrates towards the anode with a velocity about 
18*3 X — 13-5 x 10 ~ 5 cm. per sec. per volt. Dilution and filtration increase 
the velocity up to about 20 per cent. Acids and bases, irrespective of their 
nature, reduce the velocity by about the same amount, and at the same time 
change the colour slightly, but the original colour may be restored by neutrali- 
sation. Of the salts examined, only those of aluminium have any effect on the 
migratio^ velocity, and these cause an increase to a maximum with 1/500,000 
mols aluminium sulphate, followed by a decrease ou further increasing the cone. 
Colloidal ferric hydroxide coagulates colloidal carbon, but if a quantity so small 
is ^t^fod that no coagulation takes place, then the velocity of migration is reduced 
ttrout 20 per cent. 

£. G. Acheson obtained a similar preparation of oolloidal graphite, which he 
called dejlocculated graphite , by treating disintegrated graphite with an aq. sola, of 
+annii i containing from 8 to 6 per cent, by weight of the graphite treated. The results 
ire m ach more pronounced when the mass of graphite, water, and tannin has been 
>uggc d or masticated for a considerable time, say one month. While the effect 
s verp satisfactory with distilled water, the water obtained from rivers, deep* wells, 
>tc., i S improved by the addition of a trace of ammonia. The presence of carbou 
lioxi ie in the water prevents deflocculation. The liquid containing the* deflocculated 
jrapl Lite has an intense black colour, and the grain-size of the particles is much finer 
than is possible of attainment by mechanical means. It will pass through ordinary 
filter-paper. The addition of a trace of hydrochloric acid causes the graphite to 
flocculate and settle. E. G. Acheson also suspended the graphite in oil. The twq 
fusions are used as lubricants, and are kpown commercially as oildag and 
where the “ dag ” is compounded from the first letters of “ deflcxMiuiftted 
,8 graphite.” Other tanniferous aoln. may be used. 
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§ 8. The Physical Properties of the Different Forms of Carbon 

The clearest and most nearly colourless diamonds without flaws, are most 
prized as diamonds of the first water ; 1 these usually come from India or Brazil. 
The Cape diamonds usually have a very faint yellow COlouTi and in consequence, 
do not command so high a price. An intense coloration combined with trans- 
parency is comparatively rare. The commonest colour is yellow, then follow green, 
red, and blue or violet. The celebrated Hope diamond is blue. C. Doelter attributed 
the coloration to the presence of the oxides of iron, chromium, manganese, and 
titanium, which als inter moleeulare Pig men te vorhanden sind. Hydrocarbons may 
also give rise to a yellowish coloration. According to A. des Cloizeaux, some 
diamonds show a play of colours like the opal. Deep-black diamonds with a brilliant 
lustre come from* Borneo. There is also le diamant noir or carbonado. The cloudy 
diamonds of a lead-grey colour are called boart. 

Thin laminae of graphite are opaque. The lustre may be dull and earthy, or 
bright and metallic with intermediate varieties. The colour of dense aggregates 
varies from an iron-black to a lead-grey. 2 H. Moissan found that the graphite 
derived from molten platinum is deep grey and paler than that from cast iron. 
H. N. Warren said that graphite from cobalt and nickel is scarcely to be distinguished 
from lampblack ; that from iron is in large plates ; that from manganese is in the 
form of brown plates, and 
that from ferromanganese is 
also in brown scales ; that 
from chrome iron is paler and 
harder than that from iron ; 
and that from chromium re- 
sembles silicon. G. Rousseau 
said that the graphite from 
acetylene is in black micro- 
scopic plates ; and P. and L. 

Schiitzenberger, that the gra- 
phite from cyanogen is a 
greyish - black, voluminous, 
filiform powder. The so-called 
amorphous carbon is an odour- 
less, tasteless, voluminous, 
black or brownish - black 
powder which may or may 
not have a lustre. W. G. 

Mixter 3 said that the amor- 
phous carbon prepared from 
acetylene is porous and with- 
out lustre. T. L. Phipson 
said that that the carbon 
prepared by the action of 
magnesium on sodium carbonate is black and resembles charcoal. 

According to Pliny’s description, 4 the crystals of adamas are “ hexangular and 
hexahedral ; they are doubly turbinated, running to% point^t both extremities ; 
and, marvellous to say, they closely resemble two cones united at the base.” This 
would apply to the crystals of quartz. The crystals of the diamond belong to the 
cubic system, and they are often octahedral in habit. There are rhombic dodeca- 
hedral, and hexakis-octahedral forms ; the cube with rounded edges is also repre- 
sented. Tetrahedral forms are also known. In Fig. 10, A,C,0, represent* selected 
crystals of Brazilian diamonds ; and B, D, E, F, selected crystals of South African 
diamonds. Many of the crystals are well-developed on all sides, so that they must 
have grown while freely suspended in some medium ; their edges are not always 



Fig. 10. — Selected Native Crystals of Diamonds. 
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sharp, but are more or less rounded. The rounded octahedral form is exhibited by 
the Victoria diamond. Many octahedra have a groove or furrow in place of the 
octahedral edge. This may be due to some peculiarity in their growth, or it may 
be an effect of twinning. If a supplementary twin of two tetrahedra have their 
projecting corners truncated by faces of the inverse tetrahedron, the twin crystal 
will have the appearance of an octahedron with grooved edges. Twinned crystals 
are flattened parallel to the twin-plane of an octahedral face as in magnetite. 
Twinned rhombic dodecahedra are often lenticular. J. R. Sutton found that 1 
to 5 per cent, of the diamond crystals of the Kimberley mines are twinned. The 
faces often show special markings ; the octahedral faces may have pits triangular 
in outline ; and cubic faces, pits square in outline. H. R. Goppert also noted that 
pits with hexagonal outlines are very rare. J. R. Sutton has. described over- 
growths on the diamond. 

Diamonds also have inclusions and cavities. Gaseous or liquid inclusions, 
observed by D. Brewster, E. Sochting, etc., are not common. H. C. Sorby, and 
G. A. Kcnngott found inclusions of different tints. J. B. A. Dumas, and H. Behrens 
observed titanic oxide ; A. Damour, topazes ; E. Cohen, ferric oxide ; P. Harting, 
pyrites; G. Delafosse, and A. des Cloizeaux, gold; and D. Brewster, G. Rose, 
A. Petzholdt, and 0. and G. Friedel, carbonaceous matters. H. R. Goppert imagined 
that he could detect vegetable debris in diamonds, but this has not been confirmed. 
According to E. Regener, the scintillation of the diamond is connected with its 
colour, which in turn is conditioned by impurities. H. Moissan observed carbon 
inclusions in artificial diamonds obtained from a soln. of carbon in iron ; and also 


some gold in les diamants noin obtained from a soln. of carbon in silver. J. R. Sutton 



studied the made formed by 
carbon particles in the middle 
of the crystals ; and noted 
inclusions of garnet, ilmenite, 
olivine, pyrite, mica and 
zircon in diamonds. 

W.H.and W. L. Bragg, 5 
and A. W. Hull found that 
the X- radiogram of the 
diamond corresponded with 
a lattice with carbon atoms 
arranged on two interpene- 
trating face-centred cubic 
lattices, Fig. 11, so that each 
carbon atom of the one is 


surrounded by four carbon atoms belonging to the other ; and links can be 
drawn from atom to atom, so that each carbon atom is connected with the four 
carbon atoms which Burround it symmetrically in the manner of a tetrahedron, 
Fig. 11. The sides of the elementary cube are S^xlO" -8 cm., and the diagonal 
6*12 X 10“ 8 cm., Fig. 12. The a-axis is 2 '50 x 10 -8 cm., the c-axis 3'06 X 10 -8 cm., 
and o:c=l : 123. The closest approach of the atoms dn the lattice is l'50xl0~ 8 
cm. The subject has been studied by P. N. Pease, A. W. Hull, F. Rinne, 
E. Q. Adams, E. Mohr, and M. L. Huggins — vide infra , graphite. 

Graphite may ocqpr in grUnular, dense, earthy masses when it is soft and friable. 
It then lacks a definite external crystalline form, and is known as amorphous, 
compact , or earthy graphite . The so-called amorphous graphite was described by 
J, N. von Fuchs, F. von Sandberger, and W. Luzi. H. Moissan in his syntheses 
of graphite, found that some amorphous graphite accompanied the crystalline form ; 
and he found that by press., crystals of graphite acquired the appearance of a fused 
or vitreous mass. It also occurs embedded in foliated masses, and micaceous, 
oolumnar, radiated, or fibrous aggregates of imperfect crystals. Each aggregate of 
scaly ,lameUar, or flaky graphite is composed of thin foliated plates of fairly uniform 
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width and ranging up to about 10 cm. in length. Foreign matters may be distributed 
through the structure and appear as thin films on the surface of the graphite. Well- 
formed crystals of graphite are rare, and they are nearly always six-sided, tabular, 
and striated with indistinct faces. The best crystals are usually found in meteorites 
and in granular crystalline limestones. R. Jameson, F. Mohs, C. F. Naumann, 

O. Czeck, B. Walter, referred to crystalline graphite as rhomboidal graphite ; and 
R. J . Hally said that la forme primitive est un prisme hexabdre regulier. H. Erdmann 
found that the graphite obtained from the naphthalene derivatives furnishes 
hexagonal crystals, and H. Moissan obtained hexagonal plates from the soln. of 
carbon in platinum. Pseudomorphs after pyrite have been reported, and L. Fletcher 
obtained a crystal from the meteorite of Crosby Creek, West Australia, which he 
regarded as a mQdification of regular hexagonal graphite, but is more probably a 
pseudomorph of granite to the diamond. A. E. Nordenskjold, G. A. Suckow, and 
W. B. Clarke regarded the crystals of graphite as monoclinic, and gave for the axial 
ratios a : b : c— 07069 : 1 : 05089, and /3=88° 14' ; and P. Groth (1882) calculated 
from C. F. Naumann’s measurements a : b : c— 0*5806 : 1 : 0*5730, and j3=71° 16'. 
Later, however, P. Groth accepted G. A. Kenngott’s view that the crystals belong to 
the rhombohedral section of the hexagonal system, and gave for the trigonal crystals 
a : c— 1 : 1*3859. H. Sjogren, and P. P. Ewald believe that the crystals belong to 
the hexagonal system. P. P. Ewald based his opinion on the X-radiogram, but 

P. Debye and P. Scherrer showed that a mistake had been made. The view that 

the crystals are trigonal is now generally accepted. The difficulty in fixing the 
crystal system arose because of the scarcity of satisfactory samples. For the 
possible existence of a polymorphic form of diamond above 1885°, vide supra, the 
action of heat on the diamond. • 

J. Beckenkamp has discussed the space lattice, and M. L. Huggins, N. H. Kolk- 
meijer, P. Debye and P. Scherrer, F. P. Worley, and D. Coster the electronic structure 
of the diamond molecule. A. Lando assumed that cohesion in crystals depends on 
the electrostatic attractions and repulsions between the stationary atomic nuclei, 
and the moving electrons. The effect of homogeneous atoms on one another when 
the electronic motions are executed with equal periods is dependent on orbital 
differences of the electronic motions. Were the phases of the different atoms 
distributed according to probability, the average force between 
two atoms over a period would change by chance from place 
to place, and no regular crystal lattice could result; but 
rather would a structure with changing mol. distances result, 
and the density would be irregularly distributed owing to 
the slow fluctuations in consequence of the alterations of 
phase. Hence, the regular structure of monatomic crystals 
shows that all like atoms have the same phase ; or that at every 
instant , not only the atomic nucleus , but also the corresponding 
electrons of all like atoms form a lattice, which oscillates about 
the stationary lattice of the atomic nuclei. A. Lande further 
showed that in the free state, the real vol. of the carbon 
atom is deformed in a definite manner by the neighbouring 
atoms. H. Thirring also discussed this subject* 

#A. W. Hull, P. Debye, M. L. Huggins, and P. gcherrer 
found the X-radiogram of graphite agreed with the trigonal^ 1 ®: 
system ) and, assuming the sp. gr. 2*2, it. appears that the ^ y e and?. Scir- 
graphite mol. contains eight atoms arranged in parallel planes, rer ). 
at distances 3*41 X 10" 8 cm. apart ; W. H. and W. L. Bragg 
gave 3*42 X 10“ 8 cm., Fig. 13. The a-axis is 2*52 x 10"" 8 cm., the c-axis is 511 X 10^ 
cm., and o:c=l : 2 03. The nearest approach of the atoms is l’bOxlO^ 8 cm. 
In each plane, the carbon atoms lie at the corners of a regular hexagon so grouped 
that three alternating comers of the hexagon are occupied by carbon atoms in 
the 'plane 0» Fig. 14, then the three other comers would be occupied by the’ plane 
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0, Fig. H above ; and the centre of the hexagon in p (not occupied) would be 
vertically beneath one of the corners of the hexagon in ®, Fig. 14. The three 
planes are illustrated by Fig. 14 for atoms which do not lie one above the other. 
The atoms in the same plane are represented by the same symbol, and those 
in different planes by different symbols. The side of this hexagon has a length 
l'45xlO“ 8 cm. While the elementary parallelo- 
piped of the diamond is a cube, that of graphite 
is a rhomboid ; the horizontal projections of both 
these bodies are hexagons. If the cube has one 
diagonal placed vertically, and the rhomboid is 
lying on its face, the hexagonal projections are the 
same. Hence, the ratio of the. diagonals of the 
rhomboid to that of the cube should be the same 
as the ratio of the density of graphite to that of 
the diamond. This ratio is 2*2-^3*52=062, the 
calculated values for the diagonals is 6*12-r 10*22 
=0*598. The agreement is satisfactory, but would 
I0, °* Atoms be closer if H. Moissan’s value 2*11 were taken 

mGraph,te ' for the sp.gr. of graphite. 

In the graphite mol., therefore, each carbon atom is coupled with three others in 
the (11 l)-plane, all at the same distance and relatively eq. ; but the distance from the 
fourth carbon atom in the plane (above or below) would be greater, and that coupling 
would be weaker. The weakness of the fourth coupling is shown by the ease with 
which graphite undergoes cleavage. In the diamond, however, the mol. is perfectly 
symmetrical, and the four valencies are rigorously the same. While W. H. Bragg 
holds that the layers of atoms in the lattices of graphite and the diamond are puck- 
ered, Fig. 15, P. Debye assumes that the layers are flat. The structure of graphite 
was also studied by M. L. Huggins. According to W. H. Bragg, it is probable that 
the behzene and naphthalene rings have a concrete 
structure in organic compounds. He said : 

The X radiograms of the diamond show that the atoms 
are probably tied together so that each is at the centre of 
gravity of four others. The distance from centre to centre 
is 1 *54 A. The rigidity of the diamond and the open 
character of its structure, imply that great force is required 
to alt or the orientation of any ooupling with respect to 
the other three belonging to the same atom. Were it other- 
wise, all atoms would seek to be surrounded by as many 
Fig. 15^ — Lattices of Graphite neighbours as possible ; the substance would be close* 
(continuous lines), and of packed, and its density would be more than double what 
Diamond (lower continuous it l a< The structure of the diamond may also be looked 
and middle dotted lines). °p as consisting of a series of puckered layers parallel to a 
given tetrahedral plane. A sharp blow may cleave the 
diamond, along one of these layers. Jf we take a model showing two layers as in 
graphite, lay hold of the upper layer, and move it to the now position shown in Fig. 15 ; 
the structure is now that of diamond. The bottom and second (dotted) lines of Fig. 15 
show the diamond as a series of puckered layers parallel to the perfect cleavage planes, 
which lie perpendicular to the four triad axes which emerge from the corners of the 
cube. The structure of graphite is obtained by shifting one of two parallel layers from the 
position of the dotted lines toAhat of the continuous lines. According to A. W. Hull’s 
measurements, the shortest distance between each pair of atoms lying in the same layer is 
shortened from 1*54 A. — the diamond spacing — to 1*50 A. The distance between two 
successive layers has been increased by 1*35 A. A carbon atom in one layer is now at equal 
distances from its three nearest neighbours in the next layer, the distance being 3*26 A. 

one la y er an A the next are now greatly weakened ; the substance cleaves 
readily in thin flakes. One layer slides with great ease over the other, though the bonds 
between Jhe atoms in any layer are at least as strong as before. When all the bonds are 
the strong kind, as is assumed to be the case with the diamond, the substance will be 
very hard, and the diamond is the hardest thing known. When the one set of bonds has 
been weakened, the substance is softer, as is assumed to be the case with graphite which is 
psed as a lubricant. Probably its efficiency as such depends both on the weakness of the one 
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set of bonds and the strength of the other. Yet these new bonds areiperfectly definite, and 
the distance between two layers— the distance 3*25 A. between atomic centres — is a per- 
fectly constant and determinate quantity. If the strong bonds between the atoms in a 
layer remain, and are even drawn a little tighter as occurs when the graphite form replaces 
that of diamond, it seems very reasonable to suppose that the single ring or multiple rings 
which are so clearly to be distinguished in the network may be separated out as such without 
loosening the bonds between their component atoms. In faot, these latter bonds might be 
expected to tighten even a little more. 

H. lc Chatelier raised the question whether the so-called amorphous carbon is 
really non-crystalline. He said : 

Un corps r^ellement amorphous est un corps dans lequel il n'oxiste certainement aucune 
orientation d’ aucune propri6t^ physique comme le verre, les liquides ordinaire*, les r&ines, 
les gelatines, etc. Dans le cas du carbone, corps opaque, souvent pulverulent, nous n’avons 
aucun moyen de donstater la presence ou 1' absence d’une orientation cristalline, tout© affirma- 
tion A ce sujet est une hypoth6se puremont gratuite, depourvue do tout© valeur scientifique. 

P. Poch found that the X-radiograms show that carbon derived from cyanogen 
has a more finely crystalline structure than carbon derived from carbon monoxide. 
P. Debye and P. Scherrer, and G. Asahara showed that the X-radiograms of amor- 
phous carbon give the same interference figures as are obtained with graphite, 
and therefore suggest that amorphous carbon differs from graphite only by its 
greater degree of subdivision. Amorphous carbon is graphite in an extremely 
fine state of subdivision which has not broken up the mol. Hence, they conclude 
that the diamond and graphite are the only two known modifications of carbon. 
This view is in harmony with the ideas of P. Groth. P. Poch likewise found the 
carbon obtained by decomposing cyanogen in the electric spark to be crystalline. 
The mol. of amorphous carbon need not contain more than thirty atoms, &nd the 
grouping would be as in graphite — three atoms lying in the same plane symmetri- 
cally with a centre (not occupied), and coupled by equal valencies, while the fourth 
atom is vertically above or below that plane and held by a weaker valency. The 
four valencies of carbon are usually considered to be eq., but the existence of 
tervalent carbon in triphenylmethyl, C(C 6 H 5 ) 3 , shows that the four valencies are 
not strictly eq. P. Debye and P. Scherrer suggest that graphite or amorphous 
carbon forms the prototype of the aromatic compounds characterized by the benzene 
ring or hexagon, while the diamond is the prototype of the aliphatic or fatty acid 
series. J. Beckenkamp studied the space-lattice of graphite, and M. L. Huggins, 
the relation of the space-lattices to the cleavages of graphite and the diamond. 
E. Ryschkewitsch said : 

The atomic configuration of graphite is characterized, like that of the metals, by the 
presence of free electrons which make it a good conductor of heat and electricity and* confer 
on it its metallic lustre. Graphite is a better conductor of electricity than meroury, and 
a better conductor of heat at high temp, than many pure metals ; it resembles metals in not 
being soluble without change in any solvents except liquid metals, and it yields positive 
C - "'-ions in sufficient cono. to be electromotively active. 

V. KohlschUtter confirmed P. Debye and P. Scherrer’s view of the similarity 
in the .constitution of graphite and amorphous carbon. He showed that the physical 
and chemical properties of graphite vary within such wide limits that no distinct 
line of demarcation can be drawn between graphite on the one hand and amorphous 
carbon or soot on the other ; and he concluded that all varieties of graphite and 
amorphous carbon are different physical forms of “1)lack carbon,” which is to be 
regarded as an allotropic modification of diamond. The properties of different 
samples of graphite depend on the conditioris under which it is produced, and its 
variable character is to be attributed to different degrees of dispersity. V. Kohl- 
schUtter added that graphite owes its peculiar properties to its lamellar structure. 
This type of structure not only accounts for its special physical property, but also 
for many chemical properties, such as its resistance to oxidation and to reagents, and » 
for the fact that its formation is favoured when free carbon is produced by a surface 
reaction. The difference between the densities and heats of combustion of graphite. 
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and amorphous carlkm is not opposed to the theory that they are essentially the 
same form of carbon. The formation of graphitic acid by the oxidation of graphite, 
but not of amorphous carbon, is due to the peculiar structure of the former and not 
to the existence of a distinct graphite mol. G. Asahara’s observations on the 
X-radiograms of graphites and amorphous carbons lead to the conclusion that the 
term “ amorphous ” should be replaced by the term “ very minutely crystalline. ’* 

According to H. Lachs, the ultramicroscopic image of colloidal carbon contains 
a considerable number of very brilliant stationary particles and a smaller number of 
fine particles that show a slight Brownian movement. Scattered through the 
entire field are also some very brilliant particles which show pronounced scintillations. 
This is due to the shape of the particles. If they are rods or plates the amount of 
light dispersed varies with the orientation of the particle, thus causing sparkling. 
This phenomenon may be considered as a kind of ultramicroscopic anisotropy . 

The cleavage of the diamond is perfectly parallel to the faces of the octahedron ; 
and this property enables the diamond cutters to chip away projecting corners 
and inferior parts without the labour of grinding. The fracture is conchoidal. 

K. Scharizer, and G. Wulff have discussed the cleavage of the diamond from the 
point of view of the X-radiogram. The cleavage of graphite is basal and 
perfect like that of mica, furnishing thin folia. The diamond was the hardest 
substance known to the ancients and it was made the standard, 10, on Mohs’ scale 
of hardness ; likewise also on J. R. Rydberg’s scale. 6 On F. Auerbach’s scale, the 
hardness of the diamond is 2500 ; corundum, 1150 ; quartz, 308. The hardness of 
the diamond enables it to scratch the ruby or corundum. Until recently, it was said 
that the diamond would cut all other substances and not be cut by any. H. Moissan 
showe^that carbon boride cuts slowly into the diamond, and titanium carbosilicide is 
almost as hard as transparent diamond. Besides carbon boride, the ruby is scratched 
by many carbideB, silicides, nitrides, borides, and carbosilicides. A variety of boart 
is superior in hardness to the diamond. The so-called anthracitic diamond of 
C. de Douhet is of adamantine hardness. Australian and Bornean stones are 
usually considered hardest. Owing to its hardness, a cut diamond does not show 
any signs of wear. Many fabulous stories about the hardness of the diamond were 
rife during the Middle Ages ; these were based on Pliny’s account of the inde- 
structibility of the diamond. Pliny said that “ when struck by a hammer, it returns 
the blow shattering both hammer and anvil.” It was said that the hardness could 
be overcome by the use of goat’s blood, especially if the goat had previously drunk 
wine or eaten parsley. These tales were rejected by A. B. de Boot in 1609. The 
brittleness of the diamond is very great, so that in spite of its great hardness, it can 
bo readily pulverized by fracture along the cleavage planes ; and use is made of this 
quality in the preparation of diamond powder for use in the lapidary. The hardness 
of graphite on Mohs scale is 0*5 to 1*0; consequently, while the diamond is the 
hardest of the minerals, graphite is one of the softest. G. A. Kenngott mentioned a 
variety as hard as gypsum. It leaves a black mark on paper, and owing to this 
quality it is extensively employed in the manufacture of lead-pencils. Hence the 
name yraphite-vide supra , the history of graphite. F. Monier, and A. V. Rakowsky 
have discussed the hardness of the different kinds of carbon. 

R. Boyle, 7 in 1690, found the specific gravity of the diamond to be 2*955, and in a 
a S P‘ ^ r ’ ?* ve v ?^ ue ?' ^* The reported values for sp. gr. range from 3*336 
of V. A. Jacquelain to,A. Livefsidgc’s 3*5585. The values of E. H, von Baumhauer 
range from 3*5065 to 3*5242, or corrected, 3*50307 at 977*5°, and 3*52063 at 8°/8° 
respectively.^ The average may.be taken as the best representative value; 

L. Playfair gave 3*46. Other determinations have been made by L. E. Rivot, 

",* ? ufr \ no 7 > J. Grailich, A. Schrauf, H. Moissan, Y. Tadokoro, A. Wigand, 

F. Feintzach, G. F. Kunz, M. J. Brisson, F. Mohs, J. J. Berzelius, A. Schafarik, 
T. Thomson, and E. Donath and J. Mayrhofer. E. Wtilfing found the sp. gr. of 
four higlbgrade stones varied from 3*524 to 3*530 ; and, combining these values with 
those of E. H. von Baumhauer, there results 3*520 ± 0 02 at 4°. Impure diamonds 
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sometimes give relatively high values. A. von Schrotter fo&d sixteen varieties 
had a sp. gr. ranging from 3 51058 to 3 51947, average 3*51432 ; and he represented 
the sp. gr. of the diamond at a temp, of 0° by 3*51432 +0*000650. H. Fizeau found 
that the sp. gr. attains a minimum value at —38*8°, vide thermal expansion. Values 
for carbonado range from L. E. Rivot’s 3*012 to 3*416 ; E. H. von Baumhaucr’s 
extremes are 3*1552 and 3*5111, or, corrected, 3*15135 at 13711*1°, and 3*50652 
at 14°/11 ‘5° respectively. The values for boart range from 3*47 to 3*56 ; E. H. von 
Baumhauer’s extremes are 3*5030 to 3*5100, or, corrected, 3*49806 at 14712*5°, 
and 3*50383 at 9°/7*5° respectively. E. Cohen and J. Olie found the sp. gr. of the 
diamond referred to water at 4°, is 3*519 at +163*6° ; 3*510 at —38° ; and 3*514 
at 18°. T. W. Richards, and E. Peterson gave 3*4 for the at. vol. of diamond carbon. 

Reported values for the sp. gr. of graphite range from C. Mbne’s 8 1*885 for a 
sample from Terrenoire, to his 2*585 for a sample from Cumberland. There is 
considerable doubt about the higher values for amorphous carbon and the lower 
values for graphite, since mixtures of the two forms may be involved. L. Playfair 
gave 2*29 for the best representative value ; H. le Chatelier and S. Wologdine gave 
2*255 at 15°/4° for natural graphites after purification and compression ; H. Moissan 
gave 2*11 ; while 2*2 is often adopted. M. Debeaupuis gave 1*99 to 2*38; and 
C. de Douchet, 1 *66 for what he called anthracitic diamond from Brazil. It. M. Burns 
and Gr. A. Hulett gave 2*20 for the best representative sp. gr. of pure natural graphite, 
and 2*30 for Acheson-graphite. Graphite produced by the explosion of graphitic 
acid has a sp. gr. 2*215. The ordinary graphites showed no “drift” or increase 
in weight with time after immersion in the liquid used in the density determina- 
tions. This phenomenon — drift as it is called — was studied by H. E. Cude and 

G. A. Hulett. M. Pirani and W. Fehse found that the sp. gr. of Ceylon graphite 
fell from 2*26 to 2*18 after calcination at 3000°, and they attributed this to the 
loss by volatilization of ferruginous impurities, because the ash obtained with 
graphite calcined to 500° was one per cent., the ash after calcination to 1800° was 
0*66 ; and to 2200°, 0*36 ; to 2700°, 0*20 ; and to 3000°, 0*07 per cent. F. Sauer- 
wald made observations on this subject. W. C. Arsem found that after heating 
to 3300°, the sp. gr. of lampblack was 2 07 to 2*10; of anthracite, 2*13 to 2*18; 
retort carbon, 2*11 to 2*26 ; and the diamond, 1*915. Determinations have also 
been reported by J. N. von Fuchs, J: J. Berzelius, Y. Tadokoro, L. Cellier, 

C. J. B. Karsten, J. C. Poggendorff, G. A. Kenngott, B. C.Brodie, J. Lowe, H. V. Reg- 
nault, C. F. Rammelsberg, W. Luzi, H. Moissan, M. Diersche, and A. Wigand. 
E. Cohen and J. Olie gaye for the sp. gr. of graphite, referred to water at 4°, 2*223 at 
—163*6°; 2*217 at —38°; and 2*216 at —18°. The at. vol., according to E. Petersen, # 
is 5*3, and, according to T. W. Richards, 5*4. E. Ryschkcwitsch and E. Kostermann 
gave 2*232 ±0*0013 at 16° for the sp. gr. of graphite which had been fused. 

The sp. gr. of the so-called amorphous carbon has been determined by numerous 
observers, and values ranging from 1*45 for poplar and vine charcoals by G. Werther ® 
to A. Frank’s value 2*0 for acetylene black have been given. W. G. Mixter gave 
1*919 for acetylene black. A. TitoPE gave for cocoanut charcoal 1*860, and 
I. F. Homfray, 1*670. L. Playfair gave 1*87 for the best representative value. 

H. Violette, W. Hallock, W. Luzi, C. Mfene, W. G. Mixter, A. Frank, A. Baudri- 
mont, E. Monier, A. Wigand, L. Playfair, Y. Jadokoro, and F. Exner have made 
observations on the sp. gr. of amorphous carbon— vide infra, Table VI. H. le Chatelier 
and S. Wologdine gave for lampblack, sugar charco&l, and yood charcoal purified 
by chlorine and pressed, 1*70 to 1*80. The values for gas carbon range from 1*7 
to 2*6. L, Meyn gave for gas-carbon from different parts of the retmt the values 
1*723, 1*821, 1*982, 2*056, and 2*556 at 18°. The samples with the higher values 
were probably mixtures with more or less graphite. H. E. Cude and G. A. Hulett 
showed that the determination of the sp. gr. of charcoal is complicated by 
a gradual penetration of the liquid into the grains of the solid so that the* 
sp. gr. increases with the time of immersion in the liquid. Thus, the sp. gr. 
of Samples of charcoal after 15 min. immersion in water was 1 *829, and after 119 hrs/ 
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immersion, 1*854 ; frith 15 min. immersion in carbon disulphide, 1*915, and after 
362 hrs.’ immersion, 1*984; after 15 min. immersion in benzene, 1*734, and after 
286 hrs.’ immersion, 1*797 ; and after 15 min. immersion in carbon tetrachloride, 
1*596, and after 2856 hrs.’ immersion, 1*647. S. McLean gave 1*48 to 1*58 for the 
sp. gr. of cocoanut charcoal; 1*32-1*35 for lignite carbonized at 350°; at 450°, 
1*45 to 1*47; and at 550°, 1*42 to 1*47. H. L. Bull estimated that the specific 
volume of bivalent carbon in combination is greater than that of quadrivalent 
carbon. Observations were also made by M. Schalfejeff. For the atomic volume 
of carbon, T. E. Thorpe gave 11*0, and E. Petersen, 6*7 to 8*0. R. N. Pease 
calculated 0*77 A. for the atomic radii of the atoms in the diamond. T. Graham, 
and A. Zott discussed the porosity, or rather the permeability of graphite to gases. 
Owing to the inaccessibility of the surface to liquids when determining the sp. gr. 
of charcoal, A. W. Williams estimates that the results are low. A specimen with 
an observed sp. vol. of 0*51 was estimated to have a true sp. vol. of 0*67 c.c. per gram. 
L. Bell and P. R. Bassett believed that they succeeded in disintegrating carbon 
atoms into helium, etc., by using very powerful carbon arcs. The inference was 
based on the spectral observations of the “ negative tongue ” of the arc. 

L. H. Adams 10 and co-workers gave 0*18 Xl0“° for the compressibility, j3, of 
the diamond between 0 and 10,000 megabars press. J. J. Thomson obtained a 
similar value from his theory of the structure of solids. T. W. Richards gives for 
the mean change of volume 0*5 unit between 100 and 500 megabars per megabar 
(0*987 atm.). He found the average compressibility of the diamond to be very 
small, 0*5x10“° megabars, and for graphite he gave the compressibility 3*0x10“° 
at 20° between 100 and 500 megabars. L. II. Adams gave 016x10“° megabars 
for the^compressibility of the diamond, and J. J. Thomson calculated 0*178x10“° 
from his electron theory. According to W. Spring, graphite agglomerates under 
press., and H. Moissan showed that when prepared under press., the sp. gr. of 
graphite can bo raised to 2*35. K. Forsterling studied the relation between the 
elastic constants and the sp. ht. of the diamond. A. Land/; calculated the com- 
pressibility of the diamond from the heat of. sublimation, the mol. vol., and assump- 
tion as to the space-lattice. A. W. Williams calculated the attractive pressure in the 
surface film on charcoal to be of the order 10,000 atm., and the internal pressure, 
50,000 atm. J. H. Hildebrand and co-workers discussed this subject. 

H. Fizeau 11 found that the coeff. of thermal expansion of the diamond is very 
small, but that it decreases rapidly on a falling temp. He found the coeff. of linear 
expansion, a, at different temp, to be : 

- 38 - 8 ° 0 ° 10 ° 20 ° 30 ° 40 ’ 50 8 ( 

a , . • . 0-0 e 0000 0 0 6 0562 0-0 6 0707 0 0 s 0857 0'0 6 0997 0*0,1142 00 6 1286 

He also«gave for the linear coeff. at 40°, 0*0 6 1 18 ; and for the coeff. of cubical expan- 
sion at the same temp., 0*0 5 354. He represented the length l at 6 °, when the length 
at 0° is io, by f=4 0 (l+ O*O 4 562430-f O*O 6 7238502). W. C. Rontgen gave 0*00000119 
at 40°, for the coeff. of linear expansion. J. Joly also found that if 0*00144 denote 
the length of a diamond at 400° ; l the length at a temp. 9 ° ; and 0*00342 and v 
the corresponding volumes, 


(0001 14-0/0-001 14 . 
(0*00342-v) /0 1 00342 . 


580 ° 

0 00193 
0-00579 


. 688 ° 
000265 
0-00785 


750 ° 

0 00338 
001014 


The diamond burnt at^850°. From the marked expansion at 750°, J. Joly concluded 
that the diamond has been formed under press. H. Fizeau gave for the coeff. of 
linear expansion of graphite at 40°, 0*0 6 786, and at 50°, 0*0 6 796 ; H. Muraoka gave 
O O 538 for a speejmen of Siberian graphite, and O O 5 O 95 for a sample of pencil- 
graphite. J. Dewar gave 0*04244 for the coeff. of thermal expansion of graphite 
between 17° and —190°, H. Fizeau found that coeff. of expansion of anthracite 
• at 40° to be 0*0 4 2078 ; and, at 50°, 0*0 4 1996 ; for coal at 40°, he found 0*0 4 2782 ; 
and at 60°, 0*0 4 2811. According to J. Monokmann, the rate of expanson of carbon 
increases as the temp, rises to 250°, and then decreases. 
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The thermal conductivity of acetylene lampblack was foujjd by W. G. Mix ter 12 
to be high. According to H. Violette, the thermal conductivity of wood- 
charcoal increases with the coking temp. Carbon prepared between 150° and 
300° shows only a feeble conductivity, but as the temp, of production rises, the 
thermal conductivity — O.G.S. units —increases until it attains two-thirds the con- 
ductivity of iron. R. Weber gave for the conductivity of gas-carbon, 0*0103 at 0° ; 
D. Forbes, 0*0 3 405 below 0° for carbon ; C. A. Hansen, 0*162 for graphite and 
0*0162 for carbon ; W. Nusselt, 0*0 3 156 for charcoal ; H. Hecht, 0*0 3 43 for coal 
between 20° and 100° ; and F. E. Neumann, 0*0 3 297. Y. Tadokoro gave 0*00219 for 
the thermal conductivity of graphite ; 0*00214 for charcoal ; 0 00226 for coke ; and 
0*00099 for coal. The best representative values are taken to be 0*33 for the dia- 
mond; 0*0117 for graphite ; and 0*000405 for amorphous carbon. J. M. Ordway 
made some observations on the conductivity of charcoal and plumbago ; L. Cellier 
found the thermal conductivity of graphite, sp. gr. 1*698, to be 0*701 ; electric light 
carbon, 0*367 to 0*494 with the sp. gr. 1*467 to 1*567 ; and gas-retort carbon, 0*400, 
sp. gr. 1*627. A. Artom, B. Piesch, and H. Muraoka showed that different kinds 
of graphite have different conductivities ; and M. Icole found the thermal conduc- 
tivity of graphite at 0° to be K=0*0384— O*O 4 90+O*O 6 930 2 . S. Wologdine and 
A. L. Queneau studied the conductivity of plumbago or graphite bricks. R. S. Hut- 
ton and J. R. Beard found powdered retort graphite (sieved through a mesh 600 holes 
per sq. cm.) had a conductivity of 0*00040 between 20° and 100°. A graphite 
crucible is said to conduct heat five times better than a clay crucible. H. Sjorgen, 
and E. Jannetaz showed that the vertical axis of the crystals is the small axis of the 
isothermal ellipsoids. 

P. A. Favre and J. T. Silbermann 13 found the specific heat of the diamond to be 
0*147 ; H. V. Regnault obtained 0*14687 between 8° and 98° ; P. J. van KGrckhoff, 
0*147 ; A. Bettendorf! and A. Wiillner, 0*1422 to 0*1512 ; 0. E. Carbonelli, 0*10415 ; 
A. Wigand, 0*1128 at 10*7°. F. Marcet and A. A. de la Rive, 0*1192 at 6° to 15°. 
II. F. Weber found for the sp. ht. of the diamond : 

- 50 * 5 ° - 10 * 0 ° 10 * 7 ° 140 ° 247 ° 6067 ° 806 * 5 ° 085 * 0 ° 

Sp. ht. . . 0*0635 0*0955 0*1128 0*2218 0*3026 0*4408 0*4489 0*4589 

He represented the sp. ht. of the diamond at 0° by 0*0947 + 0*0009940 — OOOOOOO360 2 ; 
and he gave for the mean sp. ht. between O°and0°, 0*0947 -f 0*0004970+0*0000001 20 2 . 
J. Dewar gave for the mean sp. ht. of the diamond between —18° and —78 , 0*0794 ; 
between —78° and —188°, 0*0190 ; and between —188° and —252*5°, 0*0043. The 
sp. hts. of the diamond at low temp., said J. Dewar, are less than that of any other 
* substance so far observed. Values for the at. ht. of the diamond wejo computed* 
by H. V. Regnault, and by A. Bettendorf! and A. Wiillner. Collecting th^ results 
of W. Nernst and co-workers, F. Korcf, G. Ewald, J. Dewar, and H. F. Weber, for 
the atomic heat of the diamond, and applying W. Nernst and F. A. Lindemann b 
formula (1. 13, 12 — Fig. 8), there results : 


T° K 

30 ° 

42 ° 

02 ° 

205 ° 

232 ° 

284 ° 

413 ° 

1169 ° 

Cp (obs.) . 

Cj, (calc.) . 

. 0*00 

0*00 

0*03 

0*62 

0*86 

1*35 

2*00 

5*45 

. 0 00 

0*00 

0*009 

0*62 

0*87 

1*37 

2*55 

5*41 

C v (calc.) . 

. 0*00 

0*00 

0*009 

0*62 

0*87 

1*37 

2*53 

5*19 


P. A. Favre and J. T. Silbermann found the sp. ht. of natural graphite to be 
0*20187 and that of graphite from iron, 0*19702 ; H.*Kopp gave for natural graphite, 
0*174^ and for iron graphite, 0*166 ; H. V. Regnault gave for natural graphite between 
0*1911 and 0*2019, and for iron graphite, 0*1977 ; and for graphite from tar, 0*1968. 
P. J. van Kerckhoff gave for natural graphite, 0*2000 ; Y. Tadokoro, 0*203 ; A. Bet- 
tendorf! and A. Wiillner, 0*1933 to 0*2007, and for iron graphite 0*1952 to 0*1969 ; 
and H. F. Weber 0*1439 between 0° and 34° ; 0*1967 between 0° and .100° ; and 
0*1167 +0*00080, between 0° and 0° ; and • 

- 50 * 8 ° - 10 * 7 ° 10 * 8 ° 61 * 8 ° 138 * 5 ° 201 * 8 ° 240 * 3 ° 977 ° 641 ' 9 * 822* 

8pi ht. . 0*1138 0*1437 0*1604 0*1990 0*2542 0*2960 0*3250 0*4670 0*4454 0*4539 
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He also found for#flaky graphite the values 0*1605 between 0° and 21’6° ; 
0-1904 between 0° and 99° ; and 0*2350 between 0° and 225*3°. A. Magnus 
gave for the total heat of graphite between 0° and 0°, Q= 0*15200 + 3*8885 
X 10” 4 # 2 — 2*885 x lO" 7 # 3 -}- 1*4718 X 1O~ 1O 0 4 — 4*385 X 1O" 14 0 4 . A. Wigand obtained 
for the sp. ht. of graphite 0*1604 at 10*8°; and W. Spring, 0*20212 to 0*20471 
for Cingalese graphite. J. Violle represented the linear increase in the sp. ht. 
of graphite above 1000°, by 0*355 + 0*00060, between 0° and 0° ; and if 
the b.p. is 3600°, 2500 Cals, are evolved on cooling from that temp, to zero. 

J. Dewar gave for the sp. ht. of graphite between —18° and —78°, 0*1341 ; f 
between -78° and -188°, 0*0599; and between -188° and 252*5°, 0*0133. 
W. Nernst found the sp. ht. 0*005 at —244°, and 0*027 at —186° for graphite. 

L. Cellier gave for the sp. ht. of graphite 0*3055 ; for electric light carbon, 0*2488 to 
0*2667 ; and for . gas-retort carbon, 0*2787. H. V. Regnault, H. Kopp, 

J. Monckman, and A. Bettendorf! an<J A. Wlillner discussed the at. ht. of graphite. 

H. V. Regnault found the sp. ht. of wood charcoal to be between 0*204 and 
0*242 at 19° to 99° ; for bone charcoal, 0*2608 ; and for gas carbon, 0*2005 ; J. Marcet 
and A. A. de la Rive gave 0*1650 for wood charcoal at 6° to 15° ; P. A. Favre and 
J. T. Silbermann, 0*24150 for wood charcoal, and 0*20360 for gas carbon ; H. Kopp 
gave 0*185 for gas carbon ; P. J. van Kerckhoff, 0*2608 ; A. Bettendorf! and 
A. Wlillner, between 0*2015 and 0*2062 for gas carbon ; H. F. Weber, 0*1906 between 
0° and 99°, and 0*2340 between 0° and 225*8° for dense amorphous carbon ; and 
0*1935 between 0° and 99*2°, and 0 2385 between 0° and 223*6° for porous wood 
charcoal ; and A. Wigand gave 0*2040 between 24° and 68°. Y. Tadokoro gave 
0*217 for charcoal ; 0*201 for coke ; and 0*254 for coal. Observations have also 
been m^de by D. I. Mendelfoff, K. Puschl, L. Kunz, and J. E. Pionchon. Further, 

L. Kunz gave for beechwood charcoal : 



435° 

5(51° 

728° 

025° 

1059° 

1107° 

1297° 

8p. ht. . 

. 0-243 

0-290 

0-328 

0-358 

0-362 

0-378 

0-381 

J. Violle gave 0-355 +0 000066, and 

l hence : 






0° 

1000* 

1500° 

2000° 

2500° 

3000° 

3500° 

8p. ht. . 

. 0-355 

0-415 

0-445 

0-475 

0-505 

0-535 

0-565 

Mol. ht. 

. 4-260 

4-980 

5-340 

5-700 
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6-420 

6-780 


L. Kunz’s results were represented by the formula: sp. ht.=O*2143-l-O*OOO14360 
- O*O 8 19750 2 ; or the at. lit.— 1*64+0*00170. J. Dewar found the value 0*32 between 
20° and 1040° ; and 0*42, at the temp, of the oxy-hydrogen blowpipe flame impinging 
,on lime ; at 2100°, the sp. ht. approximates 0*5. H. F. Weber stated that the 
sp. ht.pf the different forms of carbon approaches a fixed limiting value as the temp, 
rises ; byt this J. Monckman denied, and he stated that the sp. ht. of carbon 
increases fairly regularly up to 250°, but above that temp, falls to one half. 
H. le Chatelier showed that the sp. ht. of gas carbon increases proportionately with 
temp., and that the increase is more than was observed by H. F. Weber. He repre- 
sented the at. ht. between 0° and 250° by 1*92+0*00770, and between 250° and 1000° 
by 3*54 +0*002460. Observations on the at. ht. have been made by H. Kopp, 
A. Magnus, A. Bettendorf! and A. Wiillncr, and G. Schmidt. G. N. Lewis and 
co-workers found the entropy of diamond carbon at 25° and one atm. press, to be 
0*6, and that of graphite carbon, 1*3. 

J. Violle 14 estimated the Boiling point of carbon to be 3600° ; W. Crookes, 
about 4000° ; H. Moissan, 3500° ; and W. R. Mott gave 3700°, and J. J. van Laar, 
4040°, for the sublimation temp, at 760 mm. The melting point of the diamond 
must be Very high — over 3000°. C. Doelter noted that the corners of fragments of 
diamond are rounded at 2000°-2500° ; but it is doubtful if the diamond can be 
really meltpd because of volatilization. The transition of amorphous carbon into 
graphite at high temp., and the possible fusion of graphite in the electric arc have 
been previously discussed. The action of heat on the different forms of carbon has 
been previously discussed specially, and also in connection with the synthesis of the 
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diamond and of graphite. C. Doelter estimates the transition temperature, 
diamond to graphite, to be near 1500°. The guesses which have been made con- 
cerning the equilibrium conditions of the different forms of carbon were illustrated 
by Figs. 2 and 3. The effect of press, on the transition point was calculated by 
A. Konig — vide supra. According to A. Smithells, if 3500° — i.e. 3773° K. — be taken 
as the b.p. of carbon, and 12 as the vap. density, it follows from Trouton's rule, 
12a;/3773=13, that the heat of vaporization is 4086 cals, per gram, or 49,032 cals, 
per gram-atom. A. Thiel and co-workers calculated 125 Cals, per mol, which 
is much lower than other values. A. von Weinberg also made an estimate by 
means of Trouton’s rule. E. Griineisen calculated from the relation between the 
at. ht., O, and the coeff. of expansion of the diamond, that the heat of sublimation 
is 274 Cals., and K. Fajans obtained 287 Cals., from the work of O. Lummer on 
the variation of the temp. (3940°-4200°) of the positive crater of the carbon arc 
with press. H. Kohn showed that 0. Lummer’s temp, estimate is too high, and 
when corrected, he gives 163 5 Cals, for the heat of sublimation of carboy, and 168 
Cals, for that of the diamond. H. Kohn and M. Guckel gave 140 Cals, for the heat 
of sublimation, M. Padoa gave 150 Cals., and J. J. van Laar 2157 Cals. The value 
of this constant is therefore rather uncertain. J. J. van Laar gave 6470° for the 
critical temperature and 2970 atm. for the critical pressure. 

R. Schenck and W. Heller attempted to estimate the vapour pressure of the 
different forms of carbon by starting from the equation P=ki{l-\-k)/k 2 f where P 
denotes the total gas press. ; is the equilibrium constant for the system C, CO, 
C0 2 ; and k is the equilibrium constant for the system Fe, FeO, CO, C0 2 . If k 
does not vary with the different forms of carbon, then at a constant temp., k± for the 
different modifications of carbon will be proportional to the total gas press., P. 
A. Thiel and F. Ritter obtained in air : 




3700° 

3490° 

3250 s 

2935® 

2375° 

Vap. press. 


■ 760 

240 

120 

20 

0-04 mm. 

and H. Kohn : 

4190° 

4137° 

4117° 

4081° 

4052° 

4015° 

Vap. prees. 

. 760 

608 

609 

380 

327 

243 mm. 


0. Lummer represented the sublimation curve, or the vap. press., p atm., of 
carbon by log 10 p=— 282400/4 , 5717 T -f 14 645 ; J. J. van Laar, and J. A. M. van 
Liempt gave log 10 ^=— 47120r" 1 -f9 4. According toW. Ostwald, 16 “theheatol 
combustion of carbon is one of the most important constants in thermochemistry ; 
it is the foundation of all energy calculations in technical and physiological • 
chemistry.” It was first measured by A. L. Lavoisier and P. S. tie Laplace, 
who found that par le combustion d’une once de charbon 6 limes 2 onces d* glace se 
fondaient ; this corresponds with the generation of about 7624 cals, by the complete 
combustion of one gram of carbon. 

The calorimetric measurements of the heats of combustion of the different 
modifications of carbon differ considerably with every experimenter. M. Copisaroff 
attributes this to the different stabilities of the molecules, which in turn depend on 
the mode of linkage of the units constituting the molecule, and on the complexity 
of the molecule itself. The heat of oxid&tioty of the diamond to carbon dioxide 
is, according to P. A. Favre and J. T. Silbermann, 7824 cals, per gram ; W. A. Roth 
and H. Wallasch gave 7869 ± 3 cals. ; and T. Andrew!, 7678 cals. E. Petersen found 
93*24 to 94*55 Cals, per gram-atom ; and M. Berthelot and r. Petit, 94*31 Cals, per 
cram-atom of diamond-carbon, and 94*34 Cals, per gram-atom of boart-oarbon. 
For the heat of oxidation of natural graphite to carbon dioxide, P. A. Favre and 
J. T. Silbermann found 7796*6 cals, per gram, and for artificial graphite, 7762*3 cals. ; 
W. A. Roth and H. Wallasch, 7855 to 7865 cals, for purified cast-iron, graphite ; 
T. Andrews gave 7778 cals, per gram ; and L. Grassi, 7883 cals. E. Petersen, 
fo und 93*36 Cals, per gram-atom, and M. Berthelot and P. Petit, 94*81 Cals, jper 
gram-atom. For the heat of oxidation of amorphous carbon to carbon dioxide, . 
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C. M. Despretz gave 7912 cals. ; P. L. Dulong, 7288 cals. ; and T. Andrews, 8080 cals. 
For wood charcoal, P. A. Favre and J. T. Silbermann gave 8080 cals, per gram ; for 
sugar charcoal, 8040 cals. ; and for gas carbon, 8047 3 cals. ; T. Andrews gave 7678 
cals, per gram of wood charcoal. J. Thomson gave C-fO=CO-f-30*15 Cals., and 
C4-0 2 =C0 2 +96 , 96 Cals. M. Berthelot and P. Petit gave 97*65 Cals, per gram- 
atom of carbon oxidized to carbon dioxide. M. Berthelot and P. Vieille also com- 
pared the heat of combustion of the different kinds of carbon. Unlike M. Berthelot 
and P. Petit, W. A. Roth and H. Wallasch found the heat of combustion of the 
diamond, sp. gr. 3*503 at 18°, is greater than that of graphite. The former was 
found to be 7869 cals., and the latter 7830 to 7854 cals. N . I. Nikitin gave for wood 
charcoal with [C] and [H] per cent, of carbon and hydrogen respectively, 
Q~80*51[C]+273*4[H']. W. G. Mixter stated that at 20° acetylene black gives 
7894 cals, per gram at a constant press, and vol. This constant is'nearly equal to 
that for graphite, and is quite different from the results with sugar charcoal, wood 
charcoal, or gas carbon. Contrasting the heats of oxidation per gram-atom of the 
three allotropes of carbon, it follows that : 

Diamond Graphite Amorphous carbon 

Heat of oxidation . . . 94 31 94*81 97 85 Cals. 

This means that the heat of transformation : graphite to diamond is 0*5 Cal. ; 
amorphous carbon to graphite, 3*04 Cals. ; amorphous carbon to diamond, 3*34 
Cals. P. Poch found the heat of combustion of carbon derived from cyanogen to be 
greater than that of carbon from carbon monoxide. W. A. Roth and H. Wallasch 
consider that there are two well-defined varieties of graphite, a-graphite, including 
all natural varieties, which has a heat of combustion of 7830-7840 cals., and 
j3-graphite, including artificial varieties, which has a heat of combustion of 7856 
cals. The heat of combustion of the diamond is 7869 ± 3 cals. 

The heat of combustion of ethane, 370*9 Cals., can be resolved into four separate 
operations : (i) the heat of dissociation of the C-H linkage, x ; (ii) the heat of dissocia- 
tion of the aliphatic C-C linkage, y ; jiii) the heat of oxidation of monatomic 
hydrogen, v ; and (iv) the heat of oxidation of carbon, z. Hence, — 6x-f-6v— y-f 2z 
—370*9 Cals. J. Thomsen found 155*8 Cals, for the heat of combustion of the 
CH 2 -group in a homologous series of hydrocarbons, so that — 2z-f 2t>— y-f z— 155*8 
Cals. From these two equations, it follows that z— • 2y— 96*5 Cals. Again, W. H. 
and W. L. Bragg showed that the carbon atoms in the diamond have the aliphatic 
linkage, so that if y be the heat of formation of the -C-C- linking in the diamond, 
the heat of combustion, 94*4 Cals., of the diamond is z— 2y'— 94*4 Cals., which differs 
‘by only two Cals, from the value obtained by another process. Hence, the heat of 
formation of a -C-C- linkage in the diamond is nearly the same as that with the 
same grewping in aliphatic compounds. From the ionization potential of hydrogen 
H-fl0a :::s: iH20H(iuid-}-74±3 Cals., orv=74 Cals. Hence, with a knowledge of the 
heat of sublimation of the diamond, the first of the above equations is completely 
solved. The value of this constant is as yet somewhat uncertain. 

K. Fajana estimates the heat of formation of a C-H linkage to be 117 Cals. ; 
of a simple C-C linkage, 137*5 Cals. ; and the heat of formation of gaseous carbon 
dioxide' from a gram-atom of carbon vap. assumed monatomic is 381 Cals. For 
carbon in oxygen, making allowance for the heat of sublimation of the diamond, he 
gives Cyapour ■f*iG2 :== ^D-|-314^Cals., and ^Og-j-CO— C02-{~67*8 Cals. K. Fajans 
discussed the energy $f at. linkage in the diamond ; and A. L. von Steiger, in 
graphite ; ' W. Swientoslawsky found that the heat of formation of a number of 
carbon compounds is the sum of quantities made up additively of parts characteristic 
of single atoms. These characteristics are C-, 68*8 Cals. ; H-, 48*2 Cals. ; C1-, 
67*4 Cals. ; Br-, 23*8 Cals. ; and I-, 4*4 Cals. K. von Auwers also discussed 
this subject. 

• The anomalies observed in the heats of formation of the aliphatic hydrocarbons 
led K. Fajans to reject the idea that each carbon and hydrogen atom is respectively 
associated with four valencies and one valency. He claims that subsidiary valencies 
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are exhibited in carbon compounds by the edges of J. H. van’t Hoff’s tetrahedron 
(1. 5, 15). The edge valencies of carbon play a considerable part in the internal energies . 
of the compounds. Thus, whereas pentane and isopentane contain an equal number 
of principal -C-C- and -C-H- linkages, the number of edge valencies is dissimilar. 
The energy in the -C-C- edge linking is quite appreciable, and it is responsible 
for the lower heat of combustion of the diamond as compared with that of carbon 
in aliphatic compounds. Hydrocarbons with side chains contain more edge- 
linkages, and this is said to explain their higher heats of formation and lower 
heats of combustion than those of the isomeric compounds without side chains. 
The subject has been discussed by F. 0. H. Binder, M. Padoa, A. L. von Steiger, 

J. P. Wibaut, H. Beutler, M. Polanyi, A. Thiel, W. Hiickel, A. von Weinberg* 
W. Swientoslawsky, F. Kirchhof, etc. 

The very high refracting power of the diamond was commented upon by Isaac 
Newton in his Opticks (London, 1704). The index of refraction is larger than that 
of any other substance. Isaac Newton gave 2*439. The great refracting power 
explains the remarkable scintillations of light which the diamond produces when 
properly cut. This subject has been discussed by P. Groth. 16 The index of 
refraction has been measured by J.C. Jamin, A. desCloizeaux, J. Becquerel,H. Fizeau, 

F. Peter, A. Rochon, D. Brewster, W. Haidinger, A. Weiss, J. F. W. Herschel, etc. 
The mean values of determinations by B. Walter, and E. Wiilfing respectively 
are as follow : 

A Ji C D K & W h i/j-llnc 

2-40242 2-40759 241037 2-41762 2-42092 2*43544 2 45129 2*45922 2-46517 

2-40245 2-40735 2 41000 2*41734 2*42694 2*43539 2*45141 — 2 46476 

A. Schrauf calculated p n for light of wave length A n from fi n =2 f 378531 
-|-0*038696A 2 /A,7 2 , or fi n - 2*378531 +0*01 3432A7 2 . In opposition to the usual 

behaviour of regular crystals, A. Sella found that the index of refraction increases 
with a rise of temp., and for the interval 22° to 93°, the refractive index, ft, at 6°, 
is ft-ft 0 (l-f0-00000771(^— 0 O )}. P- Gaubert gave between 1*93 and 2*07 for 
graphite. J. 0. Jamin found the index of refraction for coal to be 1*701; 
and for anthracite, 1*720. F. de la Provostaye and P. Desains, and W. Rosicky 
made observations on this subject. A. Schrauf gave for the diamond (/i 2 — 1)/D 
=0*001820 ; and (ft— 1)/Z)=0*000529. H. Dufet gave (ft — l) _1 <fyt/d0 =0*00001 5 ; 
and, for the Ha-line, A. Haagen gave (ft— 1)/Z)=0*4167. P. Gaubert rubbed thin 
plates of graphite between two microscopic slides and obtained minute transparent 
lamina) which were green in transmitted light, and had a refractive index • 
between 1*93 and 2*07 ; the optical character was negative. J. H. Gladstone said 
that the refraction equivalent of the carbon of diamonds is about 5, \*hile the 
carbon in hydrocarbons increases as the hydrogen content decreases. F. Peter, 
A. Haagen, and J. W. Briihl, H. H. Landolt,R.Nasini,M. Zecchini, J.Traube, J.Amar, 
and A. Schrauf also made observations on the refraction eq., and the at. refraction. 
The dispersion coefficient, said A. Schrauf, is much less than might be anticipated 
from analogy with the values for organic compounds with a high content of carbon ; 
he gave ft Na -ft L1 =0*008778 ; and ft T1 -ft Na =0*008260 ; E. Boutan gave 0*0044 for 
the dispersion coeff. J. H. Gladstone also mad^ observations on the at. dispersion ; 
and R. W. Wood, on the anomalous dispersion of smoke films. 

D. Brewster first noted the marked double refraction # of the diamond, and 
observed that it is not what would be expected with isotropic crystals of the cubic 
system. As A. Schrauf has shown, the diamond is optically uniaxial. J. Dale noted 
that light is polarized elliptically by the diamond. The double refraction has been 
observed by many others— e.g. F. J. Arago, M. Tr^court and G . Oberhauser, E. Mallard, 
H. C. Sorby and P. J. Butler, A. Schrauf, J. MacCullagh, J. Hirschwald, A. des 
Cloizeaux, etc. E. Cohen found the polarization with some crystals is as marked • 
as in crystals of quartz. The phenomenon has been attributed to inclusions or 
crabks, but E. Cohen showed that the magnitude of the effect is not dependent on 
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fissures or inclusions, E. Jannetaz regarded the double refraction as evideftce-c^ 
strains in the interior of the crystals ; and R. Brauns concluded that the straimL 

* have not been produced by rapidly cooling the crystals, but rather by the diamonds 
having been formed under great press. E. Mallard showed that the double refraction^ 
is not altered by heating the crystals ; and H. Moissan observed the phenomenon 
with artificial crystals. 

B. Walter observed in some diamonds an absorption spectrum with bands at 
A -4155, between the G- and A-lines ; the effect was marked in some yellow crystals, 
but feeble in red, green, and brown diamonds ; a second band occurred with A=4710 ; 
and another in the violet and ultra-violet. He attributed the absorption spectrum 
to the presence of rare earths, while J. Beckenkamp assumed that between the 
structural units of the diamond other carbon atoms — dissociated or in Boln.— are 
present. M. Melloni found the emissivity of graphite for heat is 86, if that of soot 
is 100. W. W. Coblentz and E. Aschkinass measured the percentage reflecting 
power, R , of graphite for heat for rays of wave-length A. The former found : 

X .600 600 800 1000 2000 3000 4000 6000 7000 9000 

It . . 226 23 6 250 268 36*2 43 0 47 6 60*6 53*5 67*5 

W. W. Coblentz said that with graphite the reflectivity is 23 per cent, in the yellow, 
gradually increasing to 63 per cent, at 10/z. From this low reflectivity at 2/x, in the 
infra-red, there results a high emissivity, so that a graphitized carbon filament 
lamp cannot have the same luminous efficiency as the tungsten filament lamp at the 
same temp., although it has the higher emissivity in the visible spectrum. F. Haber 17 
found the vibration frequency ai carbon for red rays to be 39-88 x 10 12 , and for the 
violet rays, 10 84 xlO 15 . E. Rutherford and J. Chadwick 18 obtained no evidence 
of the emission of long-range particles of hydrogen when a-rays pass through carbon. 

In 1662, R. Boyle 19 noted the triboluminescence of the diamond. He said, in 
his quaint way : 

Being rubb’d upon my cloaths, as i3 usual, to excite amber, wax, and other electrical 
bodies ; it did, in the dark, manifestly shine like rotten wood, the scales of whitings, or 
other putrefied fish. . . . But this light was fainter than that of the scales and slime of 
whitings, and much fainter than tho light of a glow-worm. . . . This glimmering, also, very 
considerably decay’d, immediately upon ceasing the friction ; though the stone continued 
visible for some time after. 

The phenomenon was also observed by J. P. Dessaignes, C. F. du Fay,*J. Schneider, 
G. F. Kunz, L. Becker, J. Bernoulli and J. Cassini, and G. Halphen, etc. 
The last-named found a specimen with a rose-red glow. In the twelfth century, 

• Albertus IVfag 11118 * in bis De rebus metallicis et mineralibus, found that some 
diamonds became luminescent when placed in warm water; and in 1672, 
R. Boylb also observed the thermoluminescence of the diamond. He said : 

I found that holding a diamond a while near the flame of a candle, with my eyes turn’d 
contrary way, and immediately removing it to the dark, it disclos’d some faint glimmering, 
but inferior to that acquired by rubbing. . . I also brought the stone to some glimmering 
kind of light, by taking it into bed, and holding it a good while upon a warm part of my 
naked body. 

The thermoluminescence was also noted by C. F. du Fay, T. “Wedgwood, etc. B. Gudden 
and R. Pohl found that a small, cleafr, transparent diamond showed a photoelectric 
effect in strong electric fields c and it varied with the wave-length of the exciting 
light, falling continuously from 260/i/x to about 630/xft, when its value 'was aero. 
B. Gudden and R. Pohl Btudied the photoelectric conductivity of the diamond, 
and the relation between the structure and the electrical conductivity. The 
photoluminesoence of the diamond, after exposure to light, was noted by F. Hoff- 
mann in 1770. J. Wall also noted that the diamond is a noctUucar — to adopt 
R. Boyle 1 V term— because it shines in the dark after it has been exposed to daylight. 

; ' He noted that the phosphorescence is extinguished in cold water, but is restored when 
the temp, is restored ; R. Boyle previously noted that the glow was not quenched 
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^pferwater. C. F. du Fay, and J. B. Beccari attributed the phosphorescence to the 
tfjkiarture or entry of a “ coloured sulphur ” to or from the diamond. M. de Grosser 
flloted that light filtered through a blue glass was a greater stimulant than light 
titered through a red or yellow glass. T. J. Pearsall and A. M. Edwards observed 
the phosphorescence of diamonds which had been exposed to the light of an electric 
spark. J. F. Daubuisson, P. Riess, M. Chaumet, J. H. Gladstone, P. Heinrich, 
E. Becquerel, A. M. Edwards, G. F. Kunz, etc. made some observations on the 
phosphorescence of the insolated diamonds. G. le Bon found all the Brazilian 
diamonds he examined were photoluminescent, but only some of those from South 
Africa. H. Landrin must have made a mal-inference in stating that only cut 
diamonds are phosphorescent. M. Chaumet noted that diamonds phosphoresce 
strongly in ultra-violet light. 0. Rosenheim found that the rays from a phos- 
phorescing diamond, invoked by exposure to a magnesium light, do not affect a 
photographic plate. 

In 1879, W. Crookes observed that diamonds phosphoresce various colours when 
bombarded by cathode rays in a vacuum tube. The gradual conversion of the 
diamond into graphite by this treatment has been previously mentioned. H. Bec- 
querel found that the phosphorescent spectrum of a diamond has two continuous 
parts from G to E, and from F to G. The blue phosphorescence is produced by 
exposure to ultra-violet light. W. Crookes also studied the phosphorescent spectrum 
of the diamond exposed to cathode rays in a vacuum tube. The spectrum has a 
green line, A=5370 ; a greenish-blue line, A - 5130 ; and a blue line, A— 5030. The 
X-ray spectrum of carbon has been studied by E. H. Kurth, F. L. Mohler and 
P. D. Foote, 0. W. Richardson and C. B. Bazzoni, A. L. Hughes, R. A. Millikan, etc. 
C. W. Hewlett, and A. H. Compton investigated the scattering of X-rays J)y the 
diamond and by graphite, and obtained a/D~ 0199 for the former, and 0 201 for 
the latter. A. H. Compton measured the spectrum of the K-rays scattered by 
graphite. For the absorption coeff., C. W. Hewlett gave ft/Z>=0'551, and/x— 0T084; 
E. G. Taylor gave p,=(H134. F. K. Richtmyer, S. J. M. Allen, and A. R. Olson and 
co-workers measured the absorption coeff. for different wave-lengths. J. Holtzmarlc 
gave A=429 for the wave-length of the Af-radiation of carbon. J. A. Becker studied 
the effect of a magnetic field on the absorption of X-rays. J. C. McLennan and 
M. L. Clark gave 33'00 and 74 0 respectively for the critical voltages of the L-series 
of X-rays, A=373*7xl0~ 8 cm. and 166‘7xl0“ 8 cm., from carbon. 

H. Becquerel found that the phosphorescence of the diamond is invoked by 
exposure to radium rays ; but not to X-rays. E. Newbery and H. Lupton also 
observed the blue luminescence of a diamond exposed to radium rays, and 
K. Keilhack said that diamonds are phosphorescent in X-rays. W. March wald 
also observed that diamonds become phosphorescent when exposed to radioactive 
bismuth or polonium. The diamond, said C. Doelter, is extremely transparent to 
the X-rays, and this is so characteristic that the effect can be used as a test to 
distinguish diamonds from other gem-stones. He also found that graphite is trans- 
parent to the X-rays, and if a plate of graphite, containing foreign matters, be exposed 
to X-rays, the enclosures appear as dark shades in the otherwise lighted background. 
P. Sacerdote found the X-rays had no sensible effect on the colour of the diamond, 
but A. Meybre, S. C. Lind and D. C. BardweH found that a discoloration is de- 
veloped. W. Crookes noted that when exposed to the cathode rays, the colour 
of a diamond turns brown ; H. Moissan said that it # is probable some graphite is 
formed, although P. Sacerdote said that this is unlikely because the discoloration 
vanishes when the stone is heated. J. A. Becker studied the absorption of cathode 
rays by carbon. W. Crookes noted that a yellow Bingara diamond became greenish- 
blue when exposed to radium rays, and A. Miethe observed a yellow tint was acquired 
under similar conditions. C, Doelter found that a yellow diamond became a 
deeper yellow, a green diamond became a deeper green, and a brown diamond more 
orange on exposure to radium rays, but with X-rays the brown diamond became 
violet-grey. The colour acquired by the diamond on exposure to X-rays, cathode 
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rays, and radium rays, vanishes when warmed to 300°*-400° ; but is not perceptibly 
affected by exposure to ultra-violet light. The characteristic X-rays from carbon 
have been studied by A. L. Hughes, R. A. Millikan, E. H. Kurth, P. I. Lukirsky, etc. 
C, W. Hewlett found the mass scattering coeff. of X-rays of wave-length 0*712 A., 
to be 0*184 for liquid mesitylene, 0198 for graphite, and 0*234 for the diamond. 
P. A. Ross measured the angles of reflection of X-rays by graphite. G. A. Hemsa- 
lech 20 studied the luminous phenomenon which occurs when a plate of graphite is 
raised to a high temp, by means of an electric current. J. E. P. Wagstaff gave 
40 X 10 1 2 for the vibration frequency of the diamond and 27*7 XlO 12 for graphite. 

In 1802, W. H. Wollaston, 21 in a paper on A method of examining refractive and 
dispersive powers by prismatic reflection, mentioned the flame spectrum of carbon. 
He said : 

When a very narrow line of the bluo light at the lower part of a flame is examined alone, 
through a prism, the spectrum, instead of appearing as a series of contiguous lights of 
different hues, may be seen divided into five images at a distance from each other. The 
first is broad and of a red colour terminated by a bright yellow line ; the second and third 
are hoth green ; and the fourth and fifth are blue. 


J. Fraunhofer, J. F. W. Herschel, H. F. Talbot, F. von Wrede, A. Matthiessen, 
J. W. Draper, A. Masson, and D. Alter made some related observations. W. Swan 22 
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Fia. 16.— Spectra of Carbon and its Oxides, and of Cyanogen* 


showed that the spectrum at the base of a candle flame has a number of bands fading 
away towards the blue with sharp heads on the red side. This spectrum is associated 
with a greenish-blue light. According to W. M. Watts and H. M. Wilkinson, in the 
so-called candle spectrum or Swan’s spectrum, there is first an orange-yellow band 
Fig. 16, with heads A-61881, 6120 0, 6052 0, 5999 0, and 5955 0; a greenish- 
yellow band with heads A=5435*4, 5585*5, 5540*9, 5500 0, and 5470*0 ; a green 
band with heads A=5165 2, 5129*4: 5101*0, and 5081*9 ; a blue band with heads 
A=4737*2, 4715*3, 4697*6, 46^4*0, and 4677*0 ; and an indigo-blue band with a head 
fading both ways between A=4381*9 and 4356*9; an indigo-blue detached line 
A=4334*4 ; and a band between A=4315*0 to 4234*0. Observations and measure- 
ments have been made by L. de Boisbaudran, A. J. Angstrom and R. Thal4n, 
W. M. Watts, C. C, von Wesendonck, R. T. Simmler, R. Fortrat, A. Mitscherlich, 
J. Pliicker and J. W. Hittorf, C. P. Smyth, J. M. Eder and E. Valenta, J. M. Eder. 
W. N. Hartley, C. Bohn, G. Gehlhoff, A. Smithelis, J. R. Merton, E. Hulth4n, etc* 
The spectrum occurs in the blue or greenish-blue parts of hydrocarbon flames 
burning in oxygen or gases containing oxygen ; in the flame of cyanogen burning in 
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air; in the ordinary carbon arc in air; and in the spark discharge of many carbon 
compounds in the gaseous state. 

There has been some controversy as to whether W. Swan’s spectrum is produced 
by the element carbon, by a hydrocarbon, or by a carbon oxide, W. Swan considered 
tjiat the spectrum is produced by a hydrocarbon, but he worked only with gases con- 
taining hydrocarbons. On the other hand, J. Attfield ascribed the spectrum to carbon 
because (i) the flame of cyanogen, C 2 N 2 , burning in oxygen, amongst other bands, 
shows this spectrum most brilliantly, when both gases are dry ; and (ii) the spark 
spectrum of well-dried and purified cyanogen, carbon monoxide, or carbon disulphide, 
at atm. press., shows this same spectrum. The only constant in the composition 
of these gases is carbon, and therefore the spectrum must be due to that element. 
It has been objected that the temp, of an ordinary flame is not high enough to 
volatilize carbon, and hence asked : How can carbon be present in a state of vap. 
and give a continuous spectrum ? H. C. Dibbits answered : Before combustion the 
carbon is present as a hydrocarbon, after combustion as an oxide ; consequently, 
in passing from hydride to oxide, he argued that there must have been a certain stage 
of transition when each carbon atom was momentarily free and was able to furnish 
W. Swan’s spectrum. He said : 

In what state of aggregation the free atoms of carbon exist in the flame at the moment * 
of their separation cannot be determined ; solid particles they are not, still less liquid ; 
perhaps they are gaseous ; and perhaps they are in a state whhh is not to be likened to any 
of the three known states. They do not, at any rate, remain long in this state ; they combine 
with oxygen to form carbon monoxide or dioxide, or if they do not immediately burn, 
they agglomerate to form small solid particles of carbon, which remain for some time glowing 
in the flame, and are the cause of the bright light ; they give then, like all solid bodies, a 
continuous spectrum whioh extends the further into the violet, the higher the temp." 

In support of this, he explains the failure of the carbon monoxide flame to show 
W. Swan’s spectrum, by stating that in this case the carbon is never freo and uncom- 
bined. A. Glouy sprayed salts in a finely divided state into the flame, and showed 
that in the same zone it is possible to obtain the spectra of elements which it would 
be impossible to volatilize in the flame. Thus, the flame spectra with dhlts of iron, 
cobalt, manganese, and silver have the same lines as the spark spectra obtained 
with the metals. W. M. Watts observed that carbon tetrachloride also gave the 
characteristic flame spectrum, and J. N. Lockyer obtained the same spectrum when 
a strong spark did not reveal the presence of hydrogen. The carbon theory was 
supported by C. Morren, V. S. M. van der Willigen, W. Huggins, J. Pliicker and 
J. W. Hittorf, A. WUllner, etc. , 

J. J. Thomson, in his study On the electrolysis of gases, suggested a modification 
of the carbon hypothesis. In passing the electric discharge through chlorofoftn vap., 
he found that hydrogen and chlorine collected about the negative electrode, but on 
the positive side Swan’s spectrum was observed at first, and this rapidly changed 
into the carbon oxide spectrum, Fig. 16. With ethyl alcohol, Swan’s spectrum 
appeared on the positive side, and the carbon oxide spectrum on the negative side. 
With carbon monoxide, there was no difference in the spectra of the gas about the 
two electrodes, but if a little hydrogen be present, the carbon oxide spectrum appears 
on the negative side, and Swan’s spectrum on th^positive side. He thus summarized 
his conclusions : A 

The view which seems most in accordance with these observations is that the so-called 
candle spectrum or Swan’s spectrum is the spectrum of the carbon when the atom is charged 
with negative electricity, or of some compound of carbon in whioh the carbon atom is 
charged with negative electricity ; while the carbon oxide spectrum is the spectrum of 
carbon when the atom is charged with positive electricity or some compound in whioh the 
carbon atom is positively charged. , 

While the supporters of the carbon theory rely on the development of the band 
spectrum in gases free from hydrogen, and all thoroughly dried, the supporters of 
the hydrocarbon theory, on the other hand, say in effect that it is a mere /appn de 
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parler to say that the gases employed in producing the band spectrum are free from 
hydrogen because it is impossible to exclude all traces of moisture, and if moisture 
is present, hydrocarbons will be produced in the burning gas. They also emphasize 
the fact that this spectrum is well developed when hydrocarbons are known to be 
present. In their Recherches sur les metalloides A. J. Angstrom and R. Thalen, after 
an examination of the spark spectra of carbon in various gases, in the aurSole between 
the electrodes, and not in le trait de feu— the path of the spark, decided against the 
carbon theory and supported the hydrocarbon hypothesis. The aureole, when in 
oxygen, showed the spectrum of carbon monoxide ; when in nitrogen, it showed 
blue and violet bands superposed on W. Swan’s spectrum, these were attributed to 
a compound of carbon and nitrogen ; and when in hydrogen, it showed W. Swan’s 
spectrum. Since the discharge from carbon electrodes in hydrogen furnishes 
acetylene, it is concluded that W. Swan’s spectrum is produced by that gas. They 
state that, in the first instance, they were led to ascribe Swan’s spectrum to a hydro- 
carbon, because of its general resemblance to the spectrum of the oxides of the 
alkaline earth metals. After describing Swan’s spectrum, they said : 

Cette description de l’aspoct des raies cst tout-A-fait iden fcique A cello dondo auparavanfc 
par rapporfc aux raies des oxydas m^taliiques, et nous pensons que cefcte analogie remarquable 
ne pout 6tre en foremen t fortuite. 

They state that elementary carbon is characterized by a line spectrum, while Swan’s 
spectrum is conditioned by the atm. in which the discharge occurs, for it is found 
only in the aureole. C. P. Smyth supported the hydrocarbon theory. G. D. Liveing 
and J. Dewar observed the spectrum of the electric arc between carbon poles in air, 
chlorine, carbon monoxide and dioxide, hydrogen, nitrogen, nitric oxide, and 
ammonia. They also examined the flames of some carbon compounds. They 
concluded : 

In the next place, the green and blue bands, characteristic of the hydrocarbon flame, 
are well seen when the arc is taken in hydrogen ; but though less strong when the arc is 
taken in nitrogen or in chlorine, they seem to be always present in the arc whatever the 
atm. This is what we should expect, if they be due, as A. J. Angstrom and R. Thalen 
suppose, to acetylene ; for we have found that the carbon electrodes always contain, even 
when they have been long troated in chlorine, a notable quantity of hydrogen. In the 
flames of carbon compounds, they by no means always appear ; indeed, it is only in those 
of hydrocarbons or their derivatives that they are well seen. Carbon monoxide and carbon 
disulphide, even when mixed with hydrogen, do not show them ; and if seen in the flames 
of cyanogen, hydrogen cyanide, and carbon tetrachloride mixed with hydrogen, they aro 
, faint, and do not form a principal or prominent part of the spectrum. This is all con- 
sistent with.the supposition of A. J. Angstrom and R. Thalen. 

t 

G. B. Liveing and J. Dewar later admitted that carbon vap. might exist in the 
cyanogen flame, and they abandoned the acetylene theory. They regarded acetylene 
to be the means of bringing carbon vap. into existence in flames, and pointed to 
the invariable presence of this gas in the interior of hydrocarbon flames. They 
said that acetylene is a highly endothermal substance, but A. Smithells showed 
that however true this may be, it is probably very erroneous at the temp, at 
which carbon is given off as a vapour. He also showed that the acetylene flame 
is exceptionally opaque. « 

After reviewing the evidence for the carbon theory, A. Smithells concluded that 
there is no reliable eridence to warrant the supposition that the flames of carbon 
compounds contain carbon vapour. On the contrary, there is much evidence 
against such a supposition. He then showed that the hydrocarbon theory resolves 
itself into a consideration of acetylene and methane as a likely source, since these 
are the only two hydrocarbons which W. A. Bone and D. S. Jordan found to be 
stable at 'high temp, in the presence of carbon and hydrogen. The fundamental 
difficulty with either acetylene or methane is presented by the appearance of Swan’s 
spectrum in the flame of cyanogen. 

The spectrum of the flame of cyanogen burning in air, or generally, in oxidizing 
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gates, has been observed by J. F. W. Herschel, H. F. Talbot, H. C. Dibbits, 
A. Mitscherlich, R. ThaUn, R. T. Birge, G. Salet, H. Kayser and C, Range, H, Crew 
and 0. H. Basquin, F. Exner and E. Haschek, H. Deslandres, F. Jungblutb, 
A. Hagenbach and H. Konen, J. Haferkamp, J. M. Eder, J. M. Eder and E. Valenta, 
J. Plilcker and J. W. Hittorf, C. Morren, M. Berthelot and F. Richard, 
A. Kratzer, U. S. Uhler and R. A. Patterson, A. Perot, L. Kilchling, J. Okubo, 
W. Grotrian and C. Runge, Lord Rayleigh, A. S. Herschel, J. Dewar, C. P. Smyth, 
H. W. Vogel, W. N. Hartley, H. Crew and 0. H. Basquin, A. S. King, 
A. de Gramont and M. Drecq, E. C. C. Baly and H. W. Syers, etc. The flame 
spectrum of cyanogen includes (i) A— 7102 to 5245 ; (ii) A=4606*33 to 4502-35 ; 
(iii) A==4216 12 to 4152 88 ; (iv) A-3883 55 to 3855 06 ; (v) A-359048 to 3584*06 ; 
and (vi) A=33601. As pointed out by J. Attfield, the spectrum of the cyanogen 
flame includes Swan’s spectrum, with presumably the same origin, and two distinct 
groups ; (i) those at the less refrangible or red end extend into the yellow and green. 
The sharp edge or head is on the most refrangible side — i.e. in the opposite way to the 
hydrocarbon bands— and .the bands fade in brightness towards the red end. They 
are not seen in any other flame ; and (ii) the bands at the more refrangible or blue 
end which fade in brightness towards the violet. The bands corresponding with 
Swan’s spectrum have presumably the same origin, and are superposed on bands 
produced by a compound of carbon and nitrogen. The same bands occur much 
fainter in the flame of cyanogen burning in oxygen, and C. Morren, and W. M. Watts 
attribute this to the smaller proportion of undecomposed cyanogen at the higher' 
temp, of the flame burning in oxygen. The bands in the red become more brilliant 
when the cyanogen is burnt in oxygen. In addition to the red and yellow bands, 
there are bands in the blue, violet, and ultra-violet. These latter bands have 
been ascribed to carbon, since they have been reported in carbon compounds 
not containing nitrogen ; but G. D. Liveing and J. Dewar, in agreement with 
A. J. Angstrom and R. Thalen, attributed the channelled spectra of the hydro- 
carbon and cyanogen flames to acetylene and cyanogen, and not to carbon itself. 
The presence of traces of moisture and nitrogen as impurities in the gases employed 
explains the formation of both cyanogen and acetylene. Hence, the flame of 
cyanogen may show the hydrocarbon spectrum superposed on that of cyanogen ; 
and in vacuum tubes, containing hydrocarbons, the cyanogen spectrum may be 
observed. G. D. Liveing and J. Dewar found in agreement with W. M. Watts that 
the bands in the blue, violet, and ultra-violet appear in the spark spectrum of carbon 
monoxide at ordinary press, if that gas has been made from potassium ferrocyanide, 
but not if made from the action of sulphuric acid on dried sodium formate, or by • 
heating a mixture of quicklime and dry potassium oxalate ; the bands ’were* stated 
by W. M. Watts, and J. N. Lofkyer to occur in the spark spectrum of carbon tetra- 
chloride, but, added G. D. Liveing, not if all traces of air have been expelled from 
the apparatus. Similar results are obtained with naphthalene. 

The spark spectrum in cyanogen gas, or the spectrum of the ordinary carbon arc 
in air, is due either to carbon plus cyanogen, or to carbon at a high temp. The less 
refrangible group of the cyanogen flame spectrum is absent in the spark spectrum. 
It is difficult to obtain cyanogen of a sufficiently high degree of purity to furnish 
what might be called the pure cyanogen spectrum, but E. C. C. Baly and H. W. Syers 
obtained cyanogen in vacuum tubes which, in the electric discharge, showed no 
trace of the carbon spectra, but yielded a “ very beautiful and (Jiaracteristic cyanogen 
spectrum.” The spectrum differs from that derived from the flame. They said : 

It presents a series of equidistant flutings through the whole of the red and yellow, 
somewhat recalling those of the positive band spectrum of nitrogen. The cyanogen bands 
are, however, much wider than the nitrogen bands, and do not show the break in the orange 
characteristic of the nitrogen spectrum. The flutings under higher dispersion are split 
into very fine lines. * ^ 

The admission of air or oxygen into the vacuum tube was at once attended by the 
appearance of Swan’s spectrum. They concluded that Swan’s spectrum is not 
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produced by a carbon compound which does not contain oxgyen, A. Smithelk also 
prior to E. C. C. Baly and H. W. Syers, showed that the brilliant Swan’s spectrum 
from the flame of cyanogen burning in oxygen is not likely to depend on the presence 
of an irremovable quantity of impurity, and he showed it to be far more probable 
that Swan's spectrum is due to carbon monoxide which is “formed in the primary 
chemical act of combustion whenever Swan’s spectrum appears in the hydrocarbon 
flame.” 

W. M. Watts described what he called the four spectra of carbon .* (i) W. Swan's 
spectrum of hydrocarbon flames ; (ii) the spark spectrum of vacuum tubes contain- 
ing carbon monoxide or dioxide, or ethylene ; (in) the spectrum of the flame from 
Bessemer’s steel converter ; and (iv) the spectrum of the high tension spark in carbon 
monoxide or dioxide. He later showed that the spectrum of the Bessemer flame 
was due to manganese oxide ; and that the second spectrum is due not to carbon 
but to some oxide of carbon, and is not given by ethylene if special precautions be 
taken to exclude oxygen. When an intense spark, obtained with a Leyden jar and 
air-break in circuit, is sent through carbon monoxide or dioxide, the spectrum of 
carbon is obtained. W. M. Watts produced the carbon lines in the spectrum from 
fused alkali carbonates, and also from the spark between carbon electrodes. The 
more intense lines in the line or spark spectrum of carbon are 6439*4, 6162*5, 
6122*5, 5857*8, 5594*6, 5589*0, 5349*7, 5270*5, 4878*3, 4586*1, 4455*0, 4435*1, 4425*6, 
4302*7, 4226*9, 3968*6, 3933*8, and 3644*5. 

The spark spectrum of carbon has been observed and described by W. M. Watts, 
W. Wullner, A. J. Angstrom and It. Thalen, G. D. Liveing and J. Dewar, W. N. Hart- 
ley, W. N. Hartley and W. E. Adeney, J. M. Eder, J. M. Eder and E. Valenta, 
H. Deslandres, A. de Gramont, F. Exner and E. Haschek, J. Hartmann, A. Hagen- 
bach and H. Konen, W. A. Miller, H. C. Dibbits, W. Huggins, J. PlUcker and 
J. W. Hittorf, 0. P. Smyth, W. Spottiswoode, W. Crookes, H. A. Rowland, 
H. Rubens and H. Konen, H. Finger, H. Reubens and A. Aschkinass, J. Trow- 
bridge, A. M. Herbert, J. Hartmann, etc. The arc spectrum has been observed 
by M. le Rosa, A. Secchi, G. D. Liveing and J. Dewar, R. Thalen, A. L. Foley, 
W. B. Huff, W. W. Coblentz, S. Procopiu, F. Simeon, etc. The effect of an 
alternating current on the arc spectrum has been studied by L. Puccianti, H. Crew 
and B. J. Spence, etc. The effect of an electric spark on carbon vap. in the arc was 
observed spectroscopically by H. Crew and J. C. Baker. The effect of self-induction 
on the spectrum was observed by A. de Gramont; and M. Toussaint examined the 
effect of argon, and of iodine vap. The band spectrum has been investigated by 

* J. Attfield, A. Morren, A. Lielegg, C. P. Smyth, G. Salet, W. M. Watte, C. C. von 
Wesenflonck, L. Thollon, G. D. Liveing and J. Dewar, C. Fievez, J. S. Stas, 

J. N. Lf>ckyer, J. M. Eder and E. Valenta, A. Smithells, H. Konen, P. Lewis, 
etc. Attempts to establish series formulae have been made by H. Deslandres, 

J* K°l n P> Thiele, J. Leinen, H. Kayser and C. Runge, R. Fortrat, 

0. H. Hindrichs, F. Croze, W. Ritz, J. Halm, F. Jungbluth, J. Haferkamp, 

A. S. King, A. Fowler and co-workers, T. Lyman, R. J. Strutt, etc. Difficulties 
have been encountered in separating the lines due to oxygen and those due to carbon. 
W. Huggins could get this spectrum only from carbon monoxide or dioxide ; and 
A. J. Angstrom and R. Thalin obtamed it in hydrocarbons when they used a large 
condenser. A. Schuster and H. E. Roscoe showed that the spectra obtained from 
the different varieties of carbofi are identical. 

J. Plttcker showed that carbon dioxide in a vacuum tube gives a spectrum which 
has, at first, an intense band in the red. This he attributed to carbon dioxide. 
He found that the carbon dioxide band gradually disappears owing to the slow 
decomposition of carbon dioxide by the spark. A. Wiillner has given a detailed 
descnptioq of the phenomenon observed at different press., with changes in the 

* character of the discharge, and in the length of the containing tubes.” The carbon 
diosude spectrum has been investigated by V. S. M. van der Willigen, F. Brasack, 
W‘ H, Bair, E. F. Barker, J. N. Collie, E. R, Drew, T. Lyman, F. Himstedt an d 
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H. von Dechend, eto. Neither G. Salet nor A. Smithells could obtain the red line 
characteristic of carbon dioxide, and the former said that this line belongs to the 
line spectrum of carbon. A. Smithells worked with carbon dioxide prepared from 
the liquefied gas, and dried by phosphorus pentoxide. The press, was gradually 
reduced, and Table III shows the chief consecutive changes. In addition to the 
carbon oxide spectrum, three other spectra are involved : (i) Swan’s spectrum ; 
(ii) The carbon line spectrum ; and (iii) The oxygen spectrum. A. Smithells then 
showed that the so-called carbon oxide spectrum (Fig. 15) is really the spectrum of 
carbon dioxide — vide infra. 


Table III. — The Effect of Pressure on the Spectrum of Carbon Dioxide. 


Stage of j 
exhaustion. 


Ordinary discharge. 


Condensed discharge— jar and air-gap. 


1 j Faint carbon oxide (linear) ■ Carbon and oxygen lines. 

2 j Bright carbon oxide (glow) ; Carbon and oxygen lines. 

3 Brighter carbon oxide As above with wide gap ; with medium gap Swan’s 

spectrum. 

4 . j Very bright carbon oxide As gap is widened spectrum changes from oarbon 

i oxide to Swan’s, and to carbon and oxygen lines. 

6 i Fading carbon oxide As gap is widened spectrum changes from carbon 

j oxide directly to carbon and oxygen lines. 

6 Slow fading of carbon oxide As before, fading slowly. 


The spectrum of the flame of carbon monoxide is continuous, but, under reduced 
press., G. J. Burch observed the flame spectrum shows signs of becoming discon- 
tinuous. The spark spectrum is readily obtained from a vacuum tube filled with 
carbon monoxide. Some of the bands are very close to the bands in W. Swan’s 
spectrum, and the two spectra may easily be confused. C. P. Smyth attributed the 
spectrum of carbon monoxide to carbon. In the production of the spark spectrum 
of oxygen, all carbonaceous impurities must be rigorously excluded or else the 
spectrum will belong to carbon monoxide, not oxygen. The more prominent carbon 
monoxide bands are : 6079 in the yellow ; 5607‘5, 5197*0, 5187, 5184, 5182, 5179, 
5176, 5173, 5170, and 5167 in the green ; the bands 4834, 4823, 4821, 4819, 4817, 
4789, 4786, 4510, and 4394 in the blue. The carbon monoxide spectrum has been 
examined by A. Wiillner, W. M. Watts, H. Nagaoka, A. J. Angstrom and R. Thal&i, 

J. Plticker, A. de Gramont, W. N. Hartley, E. HulthSn, C. C. von Wesendonck, 

J. Loos, G. D. Liveing, F. Exner and E. Haschek, M. Tietz, F. Himstedt and H. von • 
Dechend, T. Lyman, etc. A. Smithells examined the effects of different .stages 
of exhaustion on the spectrum of carbon monoxide, and the main features are 
summarized iu Table IV. 


Table IV. — The Effect of Pressure on the Spectrum of Carbon Monoxide. 


Stage of 
exhaustion. 


Ordinary discharge. 


Condensed discharge— Jar and air-gap. 


1 Swan’s spectrum 

2 Swan’s and faint carbon oxide 

3 Swan’s and weak carbon oxide 

4 Swan’s and carbon oxide equal 

5 Swan’s weakening, carbon oxide 

strengthening 

6 Carbon oxide only 

7 The carbon oxide fades ; the spec- 

trum grows in intensity and then 
fades until the tube is fluorescent 


No discharge. 

Span’s spectrum. 

Swan’s tjpectrum and carbon and oxygen 
lines. # 

Carbon and oxygen lines with a short 
gap, the carbon oxide is visible ; and 
with a longer gap a faint Swan’s spec* 
fcrum displaces the carbon oxide. 

No discharge. # 


M. tietz found that the condensed discharge with platinum electrodes at ordinar; 
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atm. press, gave a spectrum with the lines of oxygen and carbon only. Following 
a hint by G. G. Stokes, A. Smithells demonstrated that in all probability, while 
the so-called carbon oxide spectrum is the spectrum of carbon dioxide, Swan’s 
spectrum is the spectrum of carbon monoxide ; and he summarized the arguments 
as follows : 

(1) The carbon monoxide and Swan’s spectra aro strikingly similar, and the actual 
differences are such as might be expected from the mol. differences of the two oxides. 

(2) Carbon monoxide gives Swan’s spectrum predominantly except under extreme 
conditions. If the passage of the discharge is electrolytic -alternate dissociation and 
recoin bination of carbon and oxygen the process in the tube has a chemical feature in 
common with that occurring in flames showing Swan’s spectrum. 

(3) Under extreme conditions of gaseous or electrical press., carbon monoxide gives 
either the carbon oxide or the carbon line spectrum, or both. These extreme con- 
ditions correspond to the maximum heating effects of the discharge when the gas might 
bo expected to decompose : 2C0r= i C0 2 -f-C, as shown by H. St. C. Deville, and V. Meyer 
and C. Langer. A black deposit formed on the tube near the electrodes observed by 
G. JD. Liveing and J. Dewar, was found by A. Smithells to be carbon, and was formed only 
when tho carbon line spectrum is visible. 

(4) Carbon dioxide furnishes the carbon oxide spectrum most readily, and this remains 
at high exhaustions. At ordinary atm. press., the gas gives only the line spectrum of 
carbon and oxygen. A condensed discharge favours the formation of Swan’s spectrum. 
This accords with the facts that carbon dioxide is a good conductor ; and when the heating 
effect of t he discharge is intensified, the gas is dissociated into carbon monoxide and oxygen. 
The condensed discharge in the highly rarefied gas produces the line spectrum of carbon 
and oxygen. If the oxygen lines are visible, the carbon lines are also visible. The gas is not 
readily dissociated into carbon monoxide and oxygen under these conditions. V. Meyer 
and C. Langers experiments showed that carbon dioxide is not readily dissociated at a 
high temp., whereas carbdn monoxide easily breaks down. In opposition to this, J. N. Collie 
found tjiat carbon dioxide under low press, is rapidly decomposed by the discharge from an 
ordinary induction coil — 65 per cent, being decomposed in 10 secs. Under similar conditions 
carbon monoxido was found to be far more stable. 

(6) 0. D. Liveing and J. Dewar found that the carbon arc-discharge in carbon monoxide 
gave Swan’s spectrum with no trace of the carbon oxido spectrum. This is what would 
be anticipated if Swan’s spectrum is due to carbon monoxide, and the carbon oxido spectrum 
to carbon dioxide. 

(6) The spectrum of tho carbon are in air contains Swan’s spectrum together with 
groups of lines which G. D. Liveing and J. Dewar, H. Kayser and C. Runge, and M. Tietz 
attribute to cyanogen or to carbon in association with nitrogen. Swan’s spectrum 
is ascribed to the well-known fact that carbon monoxide is formed in the arc. In support 
of this is G. D. Liveing and J. Dewar's observation that tho arc in the middle of a magnesia 
crucible often shows signs of Swan’s spectrum although that of cyanogen is strong. If, 
however, puffs of air or carbon dioxide are passed into the arc, Swan’s spectrum is produced ; 
this also is the case if ono of tho carbon poles be moistened. The spectrum of the arc under 
* water shows Swan’H spoctrum alone, 
r 

E. G!. C. Baly and H. W. Syers supported A. Smithells’ theories as to the genesis 
of Swan’s and the carbon oxide spectra. They obtained Swan’s spectrum from 
carbofi monoxide when highly purified, but a trace of hydrogen or oxygen changed 
Swan’s spectrum into the carbon oxide spectrum. The chief difficulty, said 
A. Smithells, is to be found in the frequently recorded observations of Swan’s 
spectrum under conditions which appear to exclude the presence of that gas. The 
spectrum of hydrocarbons has been investigated by C.*Morren, M. Berthelot and 
F. Richard, B. von Lengyel, V. Henri, B. Hasselberg, H. Deslandres, C. Fievez, 
A. Kratzer, E. E. Brooks, etq. F. W. Klingstedt studied the spectrum of phenol ; 
W. C. Holmes, that Qf p-cymene ; V. Henri, and W. H. McVicker and co-workers, 
C. F. Meyer and D. W. Bronk, J. M. Hyatt, J. E. Purvis, that of benzene ; V. Henri 
and P. Steiner, that of naphthalene ; J. W. Ellis, that of chloroform ; and J. M. Hyatt, 
that of anthracene. H. Konen, and W. M. Watts and H. M. Wilkinson found that 
. organic liquids containing oxygen like methyl and ethyl alcohols, glacial acetic acid, 
etc. ; and organic liquids not containing oxygen, like chloroform, carbon tetrachloride, 
4 ethyl bromide, ethylene dibromide, aniline, pyridine, naphthalene, and benzene purified 
in many cases by repeated distillation over bright sodium, still-gave Swan’s spectrum. 
A. Smithells mentioned the great difficulty encountered by H. B. Baker in freeing 
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carbon tetrachloride from oxygen ; H. B. Baker’s, and J. J. Thomson’s observations 
on the important part played by traces of moisture in the passage of electrioity 
through gases ; B. Hasselberg’s observations that some kinds of glass persistently 
give rise to carbon and oxygen which bring to light the carbon oxide spectrum ; 
and G. D. Liveing and J. Dewar’s observations on the extreme sensibility of the 
spectroscopic test to traces of impurity. 

The absorption spectra of the vap. of benzene has been investigated by E. Diok- 
son, L. Grebe, and W. N. Hartley ; of toluene, by F. Cremer ; of ethylbenzene and . 
para-xylol, meta-xylol, and ortho-xylol by W. Mies ; and of chlorobenzene, bromo- 
benzene, iodobenzene, and aniline by H. Koch, The fluorescent spectra in general 
correspond with the absorption spectra. Observations on the spectrum of the 
flame from Bessemer’s converter have been made by W. M. Watts, A. Lielegg, 

G. J. Snelus, W. if. Williams, etc. For the spectra of the sun, comets, etc., vide the 
occurrence of carbon. The ultra-red spectrum has been studied by W. H. Julius, 

E. C. Kemble, C. Schaefer and M. Thomas, J. M. Eder, A. M. Herbert, E. P. Lewis 
and E. S. Ferry, K. Angstrom, H. Rubens and A. Aschkinass, H. Lehmann, 

H. Hermann, E. R. Drew, W. W. Coblentz, A. Bergmann, W. J. H. Moll, etc. The 
ultra-violet spectrum has been studied by G. D. Liveing and J. Dewar, 
R. A. Millikan, W. W. Shaver, J. C. McLennan and P. A. Petrie, W. H. Fulweiler 
And J. Barnes, F. Simeon, etc. The influence of temperature on the spectrum has 
been studied by W. M. Watts, etc. ; the influence of pressure by E. Villari, 

F. Benevides, G. D. Liveing and J. Dewar, W. J. Humphreys, J. E. Petavel and 
R. S. Hutton, A. Hagenbach, J. Haferkamp, etc. ; and the influence of magnetism, 
by G. Berndt, and R. Fortrat. The series spectra were discussed by A. Fowler. 

R. Boyle 28 stated that the diamond has an electrical virtue, for, after being 
rubbed on cloth, it attracts light bodies, like amber, jet, etc., though in a lesB*degree. 
R. J. Haiiy said that the raw or cut diamonds are positively electrified by friction, 
but the charge is rapidly lost ; graphite, however, develops no frictional electricity 
when rubbed with resin or shellac. L. B. G. de Morveau, L. V. Brugnatelli, and 
J. r F. L. Hausmann and F. 0. Henrici found the diamond to be a very bad electric 
conductor ; graphite and amorphous carbon, on the contrary, are comparatively good 
conductors. A. Artom found the sp. electrical conductivity of the diamond, at 15°, to 
be between 0*211 Xl0~ 14 and 0*309 xl0~ 18 reciprocal ohms. Measurements were 
made by J. Kdnigsberger, C. Doelter, H. von Wartenberg, D. E. Roberts, W. Geiss, 

C. E. Williams, and K. Arndt and F. Korncr. J. Priestley noted that charcoal 
is a good conductor of electricity. According to A. Matthiessen, if the electrical 
conductivity of silver at 0° is 100, that of graphite ranges from 0 00395 to 0*0693. « 
He also found that the electrical conductivity of purified graphite is eighteen times 
greater than that of natural graphite ; and this shows the importance of th£ degree 
of purity of graphite on its physical properties. J. Kdnigsberger and O. Reichenheim 
found for Cingalese graphite, per cm. cube, the sp. electrical resistance, R, 

-185° -60 0° 21° Gl 9 89° 105° 147° 191* 

R . . 0*00428 0 00335 0 00295 000283 0 00265 0 00254 0 00250 0*00238 0*00220 

They did not succeed in establishing data for the resistance parallel and 
perpendicular to the principal axes. The # sp. resistance at 6° between 0° 
and 280° is R— 0*00291(1— 0001280) ; H. Muraoka gave for Siberian graphite 
/?=0*00122(1— O*OOO7390-fO*Oe2730 2 ). The decrease in the resistance with temp, 
is smaller than is the case with amorphous carbon. J. Zellner gave 2-8 ohms 
for the resistance of Cingalese graphite at 20° ; and for a commercial graphite 
electrode, 12 ohms. F. Streintz gave 14*20 ohms for the resistance of powdered 
graphite, and H. Muraoka, 12*20 ohms. A. Bartoli found that the coarser the 
grain-size of the graphite the larger the conductivity. A. Artom gave for .Greenland ^ 
graphite the sp. conductivity 0*247 X 10 4 ; Cumberland graphite, 0*054 X 10 4 ; and for # 
Siberian graphite 0*082 X 10 4 reciprocal ohms at 14°. H. Muraoka gave 0*0871 X 10 4 
rec. ohms at 0°, and F. Streintz, 0 0705 X 10 4 ; B. Piescli gave for Cingalese graphite, 
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0*079 XlO 4 to 0*385 xlO 4 rec. ohms at 0°. L. Cellier gave I8*04ff&10^ m h 0 f or 
the conductivity of graphite of sp. gr, 1*698 ; 146*32 XlO^for that of electric light 
carbon of sp. gr. H67 ; 267*88x10“*® for the similar material of sp. gr. 1*567 ; and 
185*99 xlO" 9 for gas retort carbon of sp. gr. 1*627. Observations have been also 
made by K. Badeker, J. Konigsberger, W. Geiss, R. von Hasslinger, G. Kirchhoff, 
F. Auerbach, J. Borgmann, J. W. Howell, F. le Roy, Lord Kelvin, and H. G. Martin! 
The relative electrical resistances of graphite electrodes were found by C. A. Hansen 
to be 


25 * 400 ° m° 12 00 ° 1000 ° 2000 ° 2200 0 

Percent. . 100 94*0 81*5 660 65*0 68*0 69*0 


Graphite electrodes which had been fired to 1200° and cooled off gave 91*6 per cent, 
of the original resistance (100), and similarly at other temp. 

Fired at 1200° 1600° 2000° 2400° 2800° 3500° 

Resistance cold . . 91*6 87 0 77*6 ■ 66*9 60*9 22*4 

E. Ryschkewitsch found the resistance, R ohms, of different samples of graphite 
compressed at different press., p atm. The results are shown in Table V, where 
the values of a refer to the constant : R—a/p- f-0'0075. 

Table V. — Electrical Resistance of Graphite at Different Pressures. 



i 


Proas. In atm. 




1 Carbon, 
!l>er cent. 

! 

i . 

14*5 

86-8 

151-0 

215-5 

a 

Madagascar (sieve 100) . 

! 

. 1 94 

0 0683 

00436 

0-0261 

00185 

210 

Ceylon (sieve 100) . 

Acheson amorphous 

97 

0 0530 


00232 

00182 

1*80 

99 

0-0420 

0-028] 

00196 

0 0155 i 

i 1*38 

Bohemian amorphous 

100 

0-0347 

00253 

0-0174 

00141 j 

MO 

Kropfmiihler (sieve 160) . 

90 

00306 

0-0200 

00149 

0 0122 ! 

080 

Kropfmiihler 

Madagascar coarse . 

99 

0-0238 

1 

00119 

0-0098 

0i50 

94 

00182 

0-0130 

00106 

0 0089 ! 

0-35 

Kropfmiihler coarse 

94 

0*0160 ; 

0-0122 

00100 

0-0082 j 

j 0-25 


A. Avogadro, F. von Kobell, W. G. Mixter, and A. Franck observed that, 
compared with other non-metal! ic conductors, amorphous carbon is a good 
electrical conductor. A. Matthiessen found that at 25°, the conductivity of gas 
carbon is 0*0386, when that of silver is 100 at 0°. W. von Siemens gave 0*0145 X 10 4 
mhos fcjr the conductivity of gas carbon at 0°, and H. Muraoka, 0*0204 xlO 4 for 
gas carbon, and 0*0248 XlO 4 mhos for commercial arc-light carbons. J. Dewar 
and J* A. Fleming found the sp. resistance of a carbon filament of a commercial 
incandescent lamp to be 

09° 18*9° 1* --80° -100° -182° ' 

R X 10” 1 . . . 3836 3911 3963 4054 4079 4180 

F. Streintz gave 0*25 rec. ohms for the conductivity of amorphous carbon at 12° ; 
W. Beetz gave for carbon dust 0*0366 XlO 4 rec. ohms ; and F. Lucas, 0*0142 xlO 4 
at 15°. F. Streintz found the%p. resistance of lampblack is 4000 ohms, and as with 
electrolytes, the resistance decreases as the temp, is raised. H. Violette found that 
the electrical conductivity of wood-charcoal increases with the charring temp. ; 
and that prepared at 1500° conducts electricity better than gas carbon. R. Ferrini, 
H. Tomlinson, And S. Bidwell showed that the conductivity of carbon dust is 
increased by compression. 

J. Borgmann, W. von Siemens, W. Beetz, and H. Muraoka measured the effect of 
temperature on the conductivity. The conductivity increases as the temp, is raised. 
J. Monckmann stated that the rate of the change of the resistance of carbon 
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with temp, rises up to 260°, and thereafter increases. S. P. Thompson said that the 
influence of press, on the conductivity is not perceptible. P. W. Bridgman measured 
the effect of pressure on the electrical resistance of massive graphite, but found the 
results not very reliable. With gas carbon, the resistance at 30° decreases with 
rising press., and the proportional effect becomes smaller at higher press. The 
decrease of resistance was 6*86 per cent, at 6000 kgrms. per sq. om., and 12*07 per 
cent, at 12,000 kgrms. per sq. cm. At 96° up to 3000 kgrms. per sq. cm. press., 
the coeff. is about 4 per oent. greater. The resistance decreases linearly with temp, 
between 0° and 100°, and at 100°, the resistance is 2 56 per cent, less than it is at 0°. 
With a sample of Acheson-graphite the total fractional increase of resistance under 
12,000 kgrms. per sq. cm. decreases with rise of temp., being 4*75 per cent, at 0°, 
4*23 per cent, at 50°, and 4*23 per cent, at 100°. The increase is not linear, being 
3*44 per cent, at 0° and 6000 kgrms. per sq. cm. The large departure from linearity 
indicates a maximum, and in no other substance is there any evidence of a maximum 
or a minimum being reached at high press. The press, coeff. for carbon in the 
amorphous and graphitic states have opposite signs. K. Arndt and F. Korner 
measured the electrical resistance of a number of artificial and natural graphites. 
They also examined the effect of the grain size with two samples of graphite ; they 
reported 

Grain size .... ^>0*15 mra. 0-06 to O' 15 mm. <0*06 mm. 

Resistance j ^9 44 52 ohms. 

' (77 85 123 „ 

K. Siebel found that the electrical resistance of carbon was raised considerably by 
gas absorption. 

E. Aschkinass studied the relation between the electrical conductivity and 
reflecting power ; and A. Bartoli compared the conductivity and composition of 
different kinds of carbon. K. Arndt and W. Fehse, T. C. Mendenhall, O. Boekmann, 
etc., also made observations on this subject. 8. Bidwell found a mixture of finely 
divided graphite and 20 per cent, of paraffin is a good conductor, but with 30 per 
•cent, of paraffin the conductivity is nearly zero. J. A. Cunningham measured the 
potential gradient of hot carbon ; and J. A. Pollock and A. B. B. Ranclaud, 
F. Deininger, and O. W. Richardson studied the emission of negative ions by heated 
carbon. J. A. Pollock and co-workers studied the potential at the surface of heated 
carbon. 

J. Probert and A. W. Soward 24 found that the conductivity is affected by 
absorbed gases — the magnitude of the effect depends on the nature of the gas. 
T. Peczalsky found that hydrogen produces no effect on the electrical resistivity of 
carbon at ordinary temp., or press, up to 33 atm., but the resistance increases 
considerably when a carbon filament is heated in hydrogen to a high temperature, 
and the resistance at room temperature after such a heating in hydrogen shows 
a similar and more marked increase, while if the filament be heated in vacuo 
to the same temperature the resistance decreases in value. The effect is greater 
the higher the press, of the hydrogen. According to J. Monckmann, when two 
rods of carbon, one charged with hydrogen and the other with oxygen, are in 
electrical contact, the current passes from the hydrogen to the oxygen. The wires 
and rods are found to have an increased resistance, that of the oxygen rod being 
the greater. The effect disappears after short-circfdting. If the wires or rods 
be charged twice in opposite directions, the effect disappears, unless the second 
charging is of very short duration ; in this case, a reversal takes place. With carbon 
rods at different temp, in contact, reversal occurs at 250° ; with a thermoelectric 
couple of carbon and platinum, the thermoelectric line rises below 250°, and falls 
above that temp. G. Tammann found that when a cold rod of any substance is 
dipped in hot carbon powder, it becomes covered with a layer of the powder the ( 
thickness of which increases with the difference of temp, between rod and powder. 
Powders other than carbon do not exhibit this phenomenon, and it is therefore 
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assumed that the effect is not electrical. It is supposed to be due to the occlusion 
by carbon of the gases given off by the rod. R. D. Kleeman and W. Frederickson 
Studied the electrical charge assumed by a filament of carbon dipping in a liquid. 

J. Buchanan placed carbon between zinc and silver in the electrochemical series. 
According to A. Coehn, H. C. Pease, and A. Avogadro, the electrochemical 
equivalent of carbon is 3, if that of hydrogen be unity. C. Fromme measured the 
electromotive force, i.e . the potential difference of gas carbon in nitric and chromic 
acids. A. Voller found that the potential difference of carbon in nitric acid is not 
much affected by raising the temp, from 0° to 100°. G. Gore measured the e.m.f. 
of carbon in soln. of potassium chloride, bromide, iodide, and cyanide. 
S. Marianini measured the potential difference of carbon in sea-water ; M. Faraday, 
of carbon in hydrochloric acid ; J. C. Poggendorff, of carbon and graphite in soln. 
of ammonium chloride, potassium cyanide, and potassium ferrocyanide. The use 
of carbon as the negative pole in batteries has been discussed by G. Wiedemann. 
D. Tommasi described a cell using a carbon rod surrounded by lead dioxide in one 
compartment, and a carbon rod with a soln. of sodium or calcium chloride in the 
other. The reactions are said to be C-f2H 2 0=C0 2 -f2H 2 , and 2H 2 -f Pb0 2 =Pb 
-f-2H 2 0. C. J. Reed said that 42 cals, of energy are consumed and not generated by 
such a cell. According to F. Haber and L. Bruner, there is a difference of potential 
of about a volt between carbon and iron rods immersed in fused sodium hydroxide ; 
and in the electrolyte, the current flows from the carbon to the iron. The iron rapidly 
dissolves, but it may become passive. If the iron is immersed in fused sodium nitrate, it 
is covered with a dark skin of oxide, which is difficult to remove ; such iron is passive. 
The addition of alkali manganate to the sodium hydroxide also produces the passive 
condition, and the more readily the less water the sodium hydroxide contains. This 
is explained by the fact that dry sodium hydroxide does not yield any hydrogen 
when electrolyzed, and therefore, since no hydrogen can be evolved at the surface 
of the iron, the skin of oxide is formed more completely. Since all sodium hydroxide, 
especially when fused in contact with iron and air, contains more or less manganate, 
it appears that iron protected by a skin of oxide and immersed in sodium hydroxide 
containing manganate is really an oxygen electrode, the part played by the' 
manganate being that of an intermediary, by means of which the atm. oxygen can 
pass into the ionic condition. The e.m.f. of the combination, passive iron in sodium 
hydroxide | calomel electrode, was found to be —0'265 volt at 312°, increasing to 
—0*472 volt at 532°. This e.m.f. is independent of the quantity of manganate in 
the electrolyte as this is not very small or very large. The e.m.f. of the combination, 

, carbon in fused sodium hydroxide. | calomel electrode, varies greatly with the 
nature of the carbon employed, —0*66 volt being found with artificial graphite and 
—1*4 with a partially disintegrated, arc-lamp carbon. The carbon is attacked by 
fused sodium hydroxide, hydrogen being evolved. The more rapid the evolution 
of hydrogen, the greater is the e.m.f. When a very rapid evolution of hydrogen 
is produced by heating the sodium hydroxide to 500°, the e.m.f. rises to —1*5 volts. 
When a platinum tube, through which a current of hydrogen is passed, is substituted 
for the carbon electrode, the same e.m.f. is observed, namely, —1*48 to —1*5 volts. 
It appears, therefore, that the carbon electrode is really a hydrogen electrode. That 
an e.m.f. lower than —1*5 volts is o,ften observed is readily explained by the partial 
depolarization of the electrode by the manganate present in the electrolyte. It is 
only when the temp, is sufficiently high to produce a rapid evolution of hydrogen 
that the full value is* observed. When the carbon is once charged with hydrogen, 
however, it retains the high e.m.f. for Borne time at lower temp. The carbon electrode 
is really a hydrogen electrode, the hydrogen being formed by the action of carbon 
on sodium hydroxide, and the reaction to which the e.m.f. of the cell is due is the 
formation of water from this hydrogen and atm. oxygen. The e.m.f. of the cell 
, agrees well with the e.m.f. required to decompose into hydrogen and oxygen the 
small quantities of water dissolved in fused sodium hydroxide. V. Karpen studied 
these cells. 
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E. Newbery found that the overvoltages of graphite and gas carbon are very vari- 
able in both acid and alkali. In acid, that of graphite rises to a very high value at 
high current density and the electrode disintegrates rapidly. With gas carbon, the 
disintegration is still greater, whilst the overvoltage is lower. At low current 
densities, the disintegration is very slight, especially with graphite, but the surface 
is softened and the whole electrode becomes very brittle. Little or no deposit 
appears on the cathode. In alkali-lye, even at the lowest current densities, a 
black deposit is produced on the cathode, but the disintegration of the anodes is 
much less. No visible change is produced at the anode after passing currents up 
to 100 inilli&mpferes per sq. cm. for half an hour. With a current at 1000 milli- 
ampfcres per sq. cm., a gas carbon electrode gradually disintegrates, the liquid is 
discoloured, and a shower of small carbon particles falls to the bottom of the 
vessel. Under similar treatment, a graphite electrode acquires a crystalline 
appearance and a few particles fall off, but there is very little discoloration of the 
electrolyte. The crystalline appearance is produced in acid or alkali at high 
current densities, and, after drying, microscopic examination reveals the fact that 
the finely divided materials between the larger crystals have been carried away, 
leaving the crystals themselves almost untouched. A. Gtinther-Schulze measured 
the cathode potential of graphite in different gases. J. W. Langley, 0. Liebcnoff 
and L. Strasser, F. Exner and J. Tuma, etc., have studied this subject. H. Ayrton, 
W. Mathiesen, A. E. R. Westman and W. J. Clapson, E. Rasch, and V. L. Crisler 
studied the potential gradient and general characteristics of the carbon arc; 
W. G. Duffield and co-workers, the recoil press. ; and K. T. Compton, ionization in 
the carbon arc. 

The Volta effect of the sodium and carbon couple was measured by E. Corminas ; 
and that of the couples gas carbon or wood charcoal with gold or platinum, by 
A. Bartoli and G. Papasogli. W. Skey measured the Volta effect with graphite and 
native sulphides. The thermoelectric force of the platinum and carbon couple 
was found by J. Buchanan to be 176-f-2O70 C.G.S. units at 6 ° ; and of the carbon 
and lead couple, 39O—1 , 870. J. Weiss and J. Konigsberger gave 53X10 -8 volt 
for the thermoelectric force of the copper and carbon couple. H. Muraoka found 
graphite to be thermoelectrically negative against other varieties of carbon. H. Zahrf 
made observations on the thermomagnetic properties of carbon. 

According to M. Faraday, 25 amorphous carbon and graphite are but feebly 
magnetic ; and F. Zantedeschi found them to be diamagnetic. A. L. Holtz also 
said that soot, fir-wood charcoal, and graphite are diamagnetic ; P. Pascal found 
that sugar charcoal, freed from hydrogen and iron, is diamagnetic, the magnetic 
susceptibility is — 52xlO~ 6 mass units, and it is not affected by *six hours’ 
heating in vacuo at a red heat; for the diamond he gave — 052x10^ units. 
S. Meyer gave for graphite at 18°, — 8xl0~ 8 vol. units; and for the diamond 
at 13°, — H X 1O~ 0 vol. units, and — 0'33 mass units. K. Honda found the magnetic 
susceptibility of arc carbons at 18° to be — 20x10 ~ 8 mass units ; and at 1160°, 
“•l'5xl0~ 6 units; likewise for the diamond, at 18°-500°, he gave — 049 x HP* 8 
units. P. Pascal computed the at. susceptibility of carbon with various linkages. 
M. von Pirani found the dielectric constant of the diamond to be 16 47 for A = <x ; 
W. Schmidt obtained 5*50 for A=75 ; and A. # Coehn and U. Raydt, 5'18 to 80.. 
M. von Pirani gave 2*4 for wood charcoal of sp. gr. 1'4. 
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§ 9. The Adsorption ol Gases, etc., by Carbon 

A. A. C. Swipton 1 found that diamonds contained no occluded neon, krypton, 
or other rare gas which is set at liberty when the diamond is transformed into graphite. 
As previously indicated, D. Brewster’s discovery of inclusions of liquid carbon dioxide 
in some diamonds led many to infer that the diamond has been formed in the 
presence of this gas under press. J. Werth heated boart under water and noted 
that some gas was given off ; the gas contained : Carbon, 97 ; hydrogen, 05 : 
and oxygen, 1*5 per cent., and he referred the small flame observed in the combustion 
of the diamond to occluded gas. J. Dewar measured the gases occluded in graphites 
from different sources, and found : 


Source 

Vol. 

CO, 

CO 

1C 

Oil, 

N* 

Meteoritio 

. 7*25 

9l*8L 


2*50 

5*50 

0*10 

Borrowdalo 

. 2*60 

36*40 

I'll 

22*20 

26*11 

OvGO 

Siberia . 

. 2*55 

67*41 

0*16 

10*25 

20*83 

4*18 

Ceylon 

. 0-22 

66*60 

14*80 

7*40 

3*70 

4*50 


While the occluded gas in diamonds is insignificant, the constant presence of hydro- 
carbons, hydrogen, etc., in amorphous carbon led M. Berthelot to the belief that 
amorphous carbon is really a hydrocarbon cxtr&mement condense. O. L. Erdmann 
and R. F. Marchand were not able to remove all the hydrogen and oxygen from 
charcoal at the strongest heat of a blast. T. E. Doubt found that the heats of 
adsorption and evolution by charcoal are equal, and argued that the process is 
reversible. J. C. Philip and co-workers studied the relation between the temp, of 
carbonization of charcoal and its adsorptive capacity. A. Vladislavovitsch 
measured the dehydration curves of charcoals charged with adsorbed water vapour, 
and found a lag behind the hydration curves. Two per cent, of adsorbed water 
remained after drying to constant weight ; and much of the adsorbed water is 
retained even after heating to redness in a current of nitrogen, and it is probably % 
chemically combined with the charcoal. He therefore argued that charcoaHs not 
appropriate for studying the phenomena of adsorption, since its behaviour depends 
on the nature and past history of the charcoal used. 

In 1777, F. Fontana 2 discovered that freshly calcined charcoal, cooled undor 
mercury, has the power of absorbing comparatively large volumes of gas ; and about 
the same time C. W. Scheele observed that air was also absorbed in a similar way. 

J. Priestley, L. B. G. de Morveau, J. C. Delam6therie, G. F. Parrot and D. H. Grindel, 
H. G. Rouppe and M. van Noorden, and S. Saluzzo made some observations on this 
subject ; and in 1783, C. L. Morozzo showed that the amount absorbed is specific 
in that it depends on the kind of charcoal employed ; and selective in that it varies 
with the nature of the gas. In addition to the Observations mentioned below, 
adsorption has been studied by 0. F. Schonbein, H. T. Brown, R. Engel and 
A. Moitessier, N. F. I. Isambert, J. Bohm, F. Hart, 8. G. Hedin, W. Vaubel, A. Wohl 
and M. 8. Losanitsch, G. Craig, A. Berliner, W. Miiller-Erzbach, H. Vohl and co- 
workers, E. Blumtritt, P. A. Favre, H. Violette, M. Bottcher, G. Dreyer and 
J. S. C. Douglas, etc. According to G. Tammann and H. Diekmann, mercury resting 
over powdered carbon, dried at 300°, runs below the powder when warme'd to 35°. 

The effect with different kinds ot charcoal. — J. Hunter measured the effect 
with different kinds of charcoal, and found that that made from the shell of the 
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cocoanut adsorbed the largest proportion of gas — ammonia, carbon dioxide, or 
cyanogen. K. Hayashi, and A. Piutti and G. Maglia also compared the sp. gr. 
and the adsorptive power of the different charcoals, and the results of the last-named 
are indicated in Table VI for temp, between —100° and 550°. Those charcoals 


Table VT.™ Adsorptive Power and Specific Gravity of Different Charcoals. 


Kind* of charcoal. 

i I 

| Vols. of air per | 
vol. of charcoal. ; 

Sp. gr. 

Prunus cerasus (Sour cherry)* 

280-1 

1-6398 

Coeus mucifera (Cocoanut)* 

25J8 

1-4497 

Phillyrea media (Jasmine box) 

222-4 

1-4970 

Grevillea robusta (Silky oak) 

212-7 

1-4383 

Abies alba (White spruce) .... 

199-5 f 

1*1901 

Caatanea vesca (Chestnut) .... 

186-3 

1*3000 

Buxus semper virens (Box) 

138-5 

1*4192 

Liospunos kaki (Chinese persimmon) 

. i 134-5 

1*3398 

Populus nigra (Black poplar) 

134*1 

1*2802 

Prunus virginiana (Choke-cherry) 

. j 1330 

1*2369 

Ceratonia siliqua (Carob) * . 

131-5 

1*6274 

Prunus armoniaea (Apricot)* 

129-5 

1-3994 

Juglans regia (Walnut) .... 

118-6 

1-3132 

Pinus rigida (Pitch-pine) .... 

1111 

1-3114 

Kobinia pseudoacacia (Common locust) 

99-9 

I 1 

1-2218 

* - - 





marked with an asterisk are from shells and kernels. N. A. Yajnik and T. C. Rana 
found mulberry charcoal gave better results than that from tali or from acacia in 
absorbing salts from soln. It will be obvious that although a rough parallelism 
between density and adsorptive power can be detected in some cases, there are 
so many deviations from the rule that it is obvious some other factor or factors 
are involved. M. Berthelot emphasized the fact that charcoal is not pure carbon, 
and it is probable that the impurities prosent in the different varieties affect 
the adsorptive power in different ways. The porosity, in the ordinary sense of the 
term, is not the determining factor because cocoanut charcoal is one of the densest 
of charcoals, and yet J. Hunter found it possessed the greatest adsorptive power. 
N. T. de Saussure considered that the adsorptive power depends on the area of the 
exposed surface: but A. Piutti and G. Maglia state that the amount adsorbed varies 
with the structure, so that, as W. D. Bancroft puts it, narrow pores down to a certain 
, limit adsorb more than the same surfaces would do if the pores were of larger 
diameter. *P. Chappius found that the increased surface produced by grinding is 
so smallin comparison with the total adsorbing surface, that the increased adsorption 
produced by grinding is inappreciable. In confirmation, L. Gurwitsch, and 
F. Better found that grinding increases the speed of adsorption, but the final 
result is independent of the grain-size. H. H. Lowry and G. A. Hulett found that 
no relation exists between the amount of gas— nitrogen, carbon dioxide, or water — 
adsorbed and the length of time the charcoal has been in use. Differences in the 
method of preparing the charcoal may change the absorptive capacity 100 per cent. 
— vide supra, activated charcoal. This was also emphasized by H. B. Lemon, 
and H. H. Sheldon. H. H. Lowry and G. A. Hulett also found that the phenomenon 
with oxygen is complicated by the superposition of two effects — adsorption and 
surface combination. ° O. Ruff and E. Hohlfeld assumed that the activity of the 
different kinds of charcoal is proportional to the content of certain foreign atoms. 
The subject was also investigated by J. C. Philip and co-workers and by H. Briggs. 

The effect with different gases.— N. T. de Saussure found the different values 
indicated in Table VII for the volumes of different gases adsorbed by one vol. of 
box-wood' charcoal at 724 mm. press, and 12°. It was inferred that in general 
the volume of gas adsrobed is greater the higher its b.p. For comparison, the b.p. 
of the gases are indicated in the table. The rule is followed roughly, although there 
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Table VII.— The Adsorption of Different Gases bv Charcoal. 


Gat;. 



| Vol. of lulaorbtMl gas, 

1 

B.p. of grt*. 

Ammonia . 



. ! 90 

-35*5° 

Hydrogen chloride 



. j 85 

—82*9° 

Sulphur dioxide . 



. 1 65 

-10° 

Hydrogen sulphide 



55 

-60-2° 

Nitrous oxide 



40 

-89*8° 

Carbon dioxide 



35 

( —79°) 

Ethylene 



35 

— 105° 

Carbon monoxide 



9-42 

-190° 

Oxygen 



9-25 

-182-8° 

Nitrogen 



7-5 

-195-7° 

Hydrogen . * 



7-175 

- 252-6° 


are exceptions ; and it is probable that the adsorptive power depends on some 
specific relation between the gas and the charcoal, as well as on the extent of the 
adsorbing surface. R. E. Wilson found that the number of mols of oxygen adsorbed 
at any given final press, is very nearly 13 times the number of mols of nitrogen 
adsorbed at the same final press. J. Driver and J. B. Firth studied the adsorption 
of alcohol, methyl benzoate, carbon tetrachloride, chloroform, benzene, ethyl 
propionate, ethyl ether, toluene, and carbon disulphide from sat. vap. B. K. Brown 
investigated the effect of temp, and press, on the adsorption of water by charcoal ; and 
W. Moller, the adsorption of formaldehyde. H. Herbst inferred that with gaseous 
chloropicrin, benzyl chloride, and phosphorus tribromide, one mol is fixed per 
six gram-atoms of carbon. S. McLean studied the adsorption of helium by char- 
coal ; A. B. Ray, the adsorption of benzene ; and H. Briggs, the adsorption of 
organic vapours. The adsorption of chlorine was investigated by C. S. Bohart 
and E. Q. Adams ; air, by J. Samejima and K. Hayashi ; of hydrogen, and carbon 
dioxide by R. Lorenz and E. Wiedbrauek ; R. M. Winter and H. B. Baker, sulphur 
dioxide ; H. Briggs, nitrogen and hydrogen ; A. S. Coolidge, benzene, carbon disul- 
phide, ether, chloroform, carbon tetrachloride, methyl acetate, ethyl formate, and 
water ; and of carbon dioxide and nitrous oxide by L. B. Richardson and G. B. Wood- 
house. H. S. Harned found that with chlorine the adsorption is complicated by a 
reaction between the water present and the chlorine for which the carbon acts as a 
catalyst. H. Herbst, A. Vladislavovitsch, and R. E. Wilson, and T. Fuwa studied 
the humidity equilibrium of different kinds of carbon. 

The effect of temperature on the adsorption of gases.— N. T. de Saussuro 
showed that the amount of gas adsorbed by a given mass of charcoal decretfees as 
the temp, is raised. P. Chappius found the volume of carbon dioxide adscfrbed at 
different temp, with the press., maintained constant at 472 nun. (when the vol. 
of gas is reduced to 0°), to be # 

0° 14-94° 2505° 3006° 4441° 5463’ 02-59° 70-02° 

Adsorbed gas . 1156-59 940 25 800 77 665-31 574-40 477 89 411-97 347 73 


Thus, the amount adsorbed at 70-92° is but one-third of that adsorbed at 0°. 
J. Dewar found that at temp, in the vicinity of liquid air the adsorption is 
remarkably great ; thus, the number of c.c. of g3s reduced to 0° and 760° mm. press., 
adsorbed per c.c. of cocoanut charcoal is as follows : • 


At 0° 

At - 186° 




Air 




H, 

N, 

O a 

•A 

He 

CO, 



4 

15 

18 

12 

2 

21 


. 

135 

155 

230 

175 

15 

190 

adsorbed gas at these low temp, is 

very 

small. 

Similarly, 

d with elderberry charcoal : 





10° 

0° 

-10° 

— 50° 

-100° 

- 130° 

-150* 

' -185° 

3 

4 

4 

9 

24 

44 

70 

153 

61*7 

66-7 

70-0 

1050 

165-0 

2150 

2450 

— 

35-0 

36-7 

40-0 

65-0 

116-7 

1650 

2000 

262-3 
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The adsorption with nitrogen is nearly the same as with air. A. M. Williams repre- 
sents the effect of temp, by log {v/p)—a+b/T, where v denotes the amount of gas 
adsorbed ; p, the equilibrium press. ; T, the absolute temp. ; and a and b , constants 
not dependent on T . D. C. Henry represents the effect of temp, on adsorption 
equilibrium by p—£Te~'*t Rt y when £ is independent of temp., and A is the internal 
heat of evaporation. 

The great avidity with which charcoal adsorbs air at a low temp, was utilized 
by P. G. Tait and J. Dewar, in 1874, in the production of high vacua. An ordinary 
vacuum tube containing a small piece of charcoal would not allow a spark to pass 
when it was cooled in liquid air. It was found that with a 300 c.c. bulb with air 
at 15°, and a press. 1*7 mm., and in contact with another bulb containing 5 grms. of 
charcoal, when cooled by liquid air, the press, fell to 0*00005 mm. A radiometer 
attached to a charcoal bulb when cooled by liquid air showed no motion when the 
beam from an electric arc-light was focussed on the vanes. 

The effect of pressure on the adsorption of gases. — N. T. de Saussure showed 
that the adsorption is increased by raising the press., but not proportionally. 
According to P. Chappius, if the temp, be 0°, and the press, p mm., then the volume, 
v, of gas, in c.c. at 760 mm. press., adsorbed by 15*119 grms. of charcoal from the 
helvflla esculent a, is : 

p . M3 2-23 4-70 9*80 20 12 77*12 335*00 763*38 

v . . 10*50 23*18 52*72 100*57 178*16 438*24 892*76 1165*06 

vjp . . 9*29 10*39 11*22 10 20 8*85 5*68 2*66 1*53 

If Henry’s law were applicable, the quotient vjp would be constant. Corresponding 
results were obtained by II. Kayser, and L. Joulin. B. Gustavson found that at 
low press. — 4*6 to 17*4 mm. — charcoal adsorbs the vapour of water and acetic acid 
proportionally to the press. The velocity of adsorption is greater the lower the 
press. Below 7*4 mm., the adsorption involves the formation of solid soln. ; above 
that press., simple adsorption occurs. Higher press, were used by E. W. R. Pfeiffer 
for carbon dioxide and ammonia. A selection from the results is given in Table VIII. 

Table VIII. — Effect of Variations of Temperature and Pressure on the 
Adsorption of Ammonia and Carbon Dioxide by Charcoal. 


Press, atm. 


Observed vol. of gas. 

Vol. reduced to 0° and 760 mm. 

Carbon dioxide 

12*4° 

16*4° 

20*4° 

12*4° 

16*4° 

20*4° 

2*23 

36*42 

35*44 

34*06 

78*43 

75*93 

71*30 

3 ; 57 

26*47 

25*60 

24*87 

92*06 

87*79 

84*36 

6*00 

20*58 

19 92 

19*43 

101*40 

96*77 

93*07 

6*38 

16*73 

16*37 

15*89 

106*76 

103*00 

98*55 

7*22 

15*13 

. 14*85 

14*61 

110*75 

106*33 

103*06 

8*20 

13*76 

13*30 

13*06 

114*55 

109*66 

105*01 

Ammonia 

13*4° 

17*4° 

20*4° 

13*4° ! 

17*4° 

20*4° 

2*86 

65*00 

64*34 

64*18 

177*07 

172*48 

169*92 

3*57 

53*84 

w 52*24 

1 62*95 

184*89 

180*01 

176*90 

5-00 

40*47 

39*97 

39*78 

199*31 

193*26 

189*82 

6-38 

34*15 

31*72 

| 31*84 

225*09 

203*46 

200*41 


The decrease in the observed (unreduced) vol. with increasing press, is not constant 
as would be anticipated if Henry’s law were applicable. The increase in the reduced 
, vol. with increasing press, becomes less as the press, increases. M. W. Travers 
measured the press., p, and cone., x } of carbon dioxide and hydrogen occluded by 
carbon at temp, between —78® and 100° in the former case, $nd between —190° 
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and 100° in the latter case. The results show that the relation can be represented 
by a formula of the type where & is a constant. For hydrogen at —190°, 

» is nearly 3 ; and for carbon dioxide at 0°, n—3, and at 100°, 2. H. Briggs 

and W. Cooper found that, at 15°, the capacity of commercial gas cylinders when 
filled with dry hydrogen, nitrogen, or oxygen at a given press, is greater when the 
cylinders are filled with an adsorbent such as charcoal or silica gel than when 
empty. At 36 atm., the capacity for nitrogen is increased 66 per cent, by filling 
with cocoanut charcoal. At higher press., the increase in capacity is not so great. 
To be effective, the adsorbent must be dry. Sudden outbursts of firedamp in coal 
mines have been found to be the result of releasing immense quantities of gas adsorbed 
under press, in coal. 

The vap. press, of a film of adsorbed gas has no known relation with that of the 
liquefied gas. The equilibrium vap. press, of a liquid is constant at a given temp, 
only when the disturbing effects due to gravitation, capillary forces, etc., are 
eliminated. Hence, the equilibrium vap. press, of a thin film of liquid is not the 
same as the vap. press, of the liquid en masse , and it may vary with the nature of the 
adsorbing solid. J. Dewar found that at —185°, the amounts of hydrogen, v c.c., 
adsorbed per gram of cocoanut charcoal at a press., p atm., were : 

p ..... 1 5 10 15 20 25 

v 92 138 16G 149 145 138 

He assumed that the decrease from 156 to 138 c.c. per gram is due to ap experimental 
error. It is assumed that above 10 atm. press, the adsorption is independent of 
the press., and that the adsorption has reached a limit. According to H. Kayser, 
if p denotes the press., and v the vol. of hydrogen adsorbed per c.c. of charcoal, 
v~0' 6036-1* 35 log p , at 0°. 

The curve obtained by plotting the amounts of adsorbed gas at different press., 
and at a constant temp., is called the adsorption isotherm ; and with J. Dewar’s 
data, the adsorption isotherm is concave to the press, axis. According to 
II. Freundlich, if v denotes the vol. of the gas adsorbed by 1 grin, of charcoal, 
at a temp. 6°, when the equilibrium press, is represented by p ; and v 0 is a constant 
representing the vol. of gas adsorbed at 6° under a press, of 1 cm., the adsorption 
isotherm equation has the form : 

t In / V \ n 

v^v oP ; or, P=( t , o ) ; 


where n is a constant. This empirical equation usually takes the eq. form : 
(x/m) n =fcp, or n log (a?/m)=log (kp) y where n and fcare constants, and x represents, 
the amount of gas adsorbed by a mass m of solid. The exponent l/w*is lqps than 
unity, and geometrically it represents the slope of the logarithmic curve. 


The equation M=/cC' 1 n can be derived from the following hypotheses. Let the free surface 
energy of a bare surface (in vacuo) be <r 0 ergs sq. cm. ; and the free surface energy of the 
same surface covered with a unimolecular layer of gaa be tr v When the system is in equili- 
brium, let u denote the area of the bare surface, and u 1 the area of the surface covered, then 
the fraction «/«!=£ will denote the fraction of the surface covered. Let <r denote the 
free energy of the whole surface when the range of mol. action is small. Then, 
<r=ir 0 (l— Q+<ri ; or, <r=er 0 —(tr 0 —<r 1 )u/u l . From J. W. Gibbs’ equation (1. 13, 22), 
u = —Cdo-lRTdC, and by differentiation and substitution, 


u 


C_ 

**RT 


. 


— cr-j du 
Mj ' dG* 


By integration, writing log k for the integration constant, and putting n—iarg—a^jRTu^ 
it follows that log «=( 1/n) log (7+ log k, or u =*kC X/ ' n , as above. Similarly, for adsorption 
from dil. soln., D. C. Henry concluded that the greater the value of n at a given temp., 
the greater the work done in the orientation of the surface mol, such that if W denotes the 
non-osmotic work in the adsorption of a mol of solute from a dil. soln., n — 1 — WjRT. 


F. W. Kfister employed a form of this equation where 1 jn~\ for tfie partition 
of ether between water and caoutchouc. A. M. Williams has deduced an equation : 
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where a and j3 are functions of the temp. H. Freundlich also tried C. Kroker’s 
formula : 

\^p{a/v)-V n 

where a denotes the original amount of solute before adsorption ; a/v is the 
original cone, of the substance, and A, j3, and n are constants, but, as J. W. McBain 
has shown, it is very unsatisfactory. The equation has been discussed by 
I. M. Kolthoff, W. Ostwald, M. Polanyi, D. C. Henry, M. Geloso,* S. Wbsnessensky, 
A. Eucken, D. Reichinstein, B. Iliin, L. Berenyi, etc. The general equations for 
different types of adsorption have been discussed by B. Gustaver, D. C. Henry, 
W. Ostwald and R. de Izaguirre. 

The mean value of 1/n in the isotherm equation is always less than unity, and it 
changes over moderate ranges of press, up to one atm., and it rises 1 with temp., e.g. 
M. W. Travers’ observations on the absorption of carbon dioxide byeharcoal show that 

- 78 ° 35 ° 01 ° 100 ° 

- . . . 0-13 0*30 0-46 0-48 052 

A. E. M. Geddes represented his values of v and p by v=0 , 0G02p° o0i> ; the following 
is a selection of the observed and calculated values of v : 


V • 

. 41-5 

194 

340 

453 

602 

698 

703 

V Obs. . 

1-7 

4-0 

5-4 

6*5 

7-6 

8-6 

8*9 

V Calc. . 

1-7 

4-0 

5-5 

6-4 

7-6 

8-3 

8-4 





A. Reychler found that for the absorption of carbon dioxide by blood charcoal, n=l, 
and v=0 , 00024p, which means that the amount of gas 
adsorbed is proportional to the partial press, of the 
carbon dioxide in the vap. phase. As shown by 
A. M. Williams, with gases which are not copiously 
adsorbed, and where p is accordingly small, the value of 
n approximates to unity, as is the case, for example, 
with A. Tito IF s observations on the adsorption of 
hydrogen by charcoal. This is shown by the linear 
curves, Fig. 17, over moderate press. The isotherm 
equation then reduces to which is the same 

as Henry’s law. A. M. Williams found the adsorp- 
tion isotherm of sulphur dioxide and charcoal runs 
Fig. 17. Equilibrium the same course as a typical vap. press, curve. With 

adsorbed* by Qmrcoah* 1 8 ases co P iousl y adsorbed- e.g. ammonia or carbon di- 
oxide — the work of I. F. Homfray, L. B. Richardson, 
etc., shows" that the isotherm bends round quickly so that the curves tend 
to become parallel to the press, axis, showing that a 
large increase in press, produces only a slight increase in 
adsorption, Fig. 18. L. B. Richardson’s observations on 
ammonia and carbon dioxide show that through a limited 
range of press., the degree of adsorption is in fair agree- 
ment with the logarithmic form of H. Freundlich’s equa- 
tion ; but at higher press., the adsorption rapidly decreases, 
indicating that at each temp, there is reached a maximum 
which, cannot be increased by increasing the press. Obser- 
vations on the effect of press, were made by A. Pickles, 
etc. 

According to Lord Blythswood and H. S. Allen, if p 
Equilibrium denotes the press, of air at the time, t, reckoned from 
Diwride^atborM^y * he commenc ement of the adsorption, by charcoal, and p x 
Charcoal. y is the final press, when the adsorption is completed, 

< log (p—pil—a+bt, where o and b are constants. From 

this it follows, by differentiation, that the velocity of adsorption , at any instant, is 
proportional to the quantity of air yet to be adsorbed before the saturation limit is 
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reached. P. Bergter represented the rate of adsorption of nitrogen between 
0'38 and 96 mm. press, by the expression v- 1 > 0 ( 1 — 0*95c~ 36t — 0*05e~ {) ‘ 1M ) ) where 
t> 0 is a constant, and v denotes the vol. of gas (reduced to 18° and 760 mm ) 
adsorbed by a gram of charcoal ; and for air, the corresponding expression is 
t>— ®iV( a +0+®2*/(&"H)i w ^ ere v i* v 2 * a ' and b are constants— vtde infra, the 
mechanism of adsorption. 

If M denotes the total weight of gas held by 1 grm. of absorbent ; M lt that 
part of the gas which is adsorbed ; and p, the press... A. M. Williams’ relation can 
be written log (M/p)— /f 0 -f A t M h where A 0 and A 1 are constants, and hp, 

where k is a constant. H. Briggs defines the prehenaility , a, of the substance for 
a particular gas at a particular temp, as the slope of the curve representing the 
amount of gas adsorbed and the press., so that dMjdp—a ; and therefore o~e A ° -f k . 
In this way he found the prehensility of plumstone and cocoanut charcoals for 
nitrogen to be respectively 9 x 10~ 2 , and 45 x 10 * 2 ; and likewise for hydrogen, 
1'2 X 10~ 3 and 0*6 X 10 -3 . 

The adsorption of mixed gases. — The proportions of constituents adsorbed 
from a mixture of gases has not been closely studied. H. Freundlich found that 
when charcoal charged with a gas is introduced into an atm. of a more 
readily adsorbed gas, the former is displaced by the latter, and in rather a 
larger proportion than would have been predicted from the adsorption coeff. of the 
individual gases. F. Bergter found that oxygen at 05 to 10 mm. press, is adsorbed 
30 to 40 times as strongly as nitrogen, and that the presence of oxygen increases 
the amount of nitrogen absorbed. J. Hunter noted that the presence of adsorbed 
water favoured the adsorption of ammonia by charcoal, possibly owing to the dis- 
solution of some of the ammonia in the adsorbed water. J. Matwin noted that a 
kilogram of charcoal will reduce the sulphur content of illuminating gas in !0 cub. 
metres of gas to 2*92 grms. by the adsorption of carbon disulphide and carbonyl 
sulphide. The more porous varieties of charcoals were the most effective. 
W. Hempel and G. Vater studied the adsorption of mixtures of hydrogen with 
acetylene, ethylene, methane, and ethane, and of nitrogen with ethane. When 
the different constituents of a mixture of gases are adsorbed in the same ratio as 
they occur in the mixture, a separation will not be possible ; and when the ratio 
of the two gases adsorbed by the charcoal differs from the ratio of their proportions 
in the gas phase a kind of fractional separation will be possible. Thus, J. Dewar 
used the energetic adsorption of hydrogen by wood charcoal at low temp, to separate 
this gas from neon, helium, etc., which are adsorbed to a far smaller extent. 
W. Ramsay, and S. Valentiner and R. Schmidt found the process to be easy and 
rapid of application. E. Rutherford, R. W. Boyle, J. Satterly, C. Porlez^ and 
G. Norzi, and A. Ritzel have studied the adsorption of the radioactive emulations 
of radium, thorium, and actinium by charcoal. Technical applications have been 
discussed by E. Berl and co-workers, H. Carstens, E. B. Miller, G. A Burrell and 
co-workers, etc. J. Dewar showed that the composition of the gases adsorbed by 
charcoal from air at —185° is virtually constant— actually between 56 and 58 per 
cent, oxygen — and it is not markedly influenced by press. If the gases given by 
charcoal (sat. by air at —185°) be collected as its temp, slowly rises to —15°, then, 
the percentages of oxygen in the air evolved are^s follows : 

1st 2nd 3rd 4th -5th 6th litre 

Per cent, oxygen . . 18*5 20*6 53*0 72'0 79’0 8^0 — mean 56 

No Bign of the oxidation of carbon by the adsorbed oxygen was noted — vide infra. 
D. C. Henry studied the adsorption of mixed gases. H. Herbst studied the effect 
of moisture on adsorption by charcoal. H. B. Lemon and K. Blodgett showed that 
with mixtures of nitrogen and oxygen, one gas interferes with the adsorption of 
the other. L. B. Richardson and J. C, Woodhouse found that with mixtures of 
carbon dioxide and nitrous oxide, the total adsorption can be calculated from the # 
adsorption isotherms of the individual gases. 
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The density of the gas adsorbed by charcoal— According to A. Mitscherlich, 
the ceils of wood charcoal are, on the average, 2 j^th in. in diameter ; and he calcu- 
lated that more than one-third of the gas condensed in the pores of the charcoal is 
in A liquid state on the walls of the cells ; and that the thickness of the layer of carbon 
dioxide covering the walls of the cells is 0 , 000002 in. Gases like ammonia, hydrogen 
chloride, and sulphur dioxide which are adsorbed in greater quantities than carbon 
dioxide will furnish denser layers. Hence, he concluded that the gases in contact 
with solids must be in a particular state such as they do not present when in a free 
state ; and since the thickness of the condensed layer of gas must vary, the attraction 
is not manifested solely on the gas in immediate contact with the solid, but acts 
at variable distances. G. Quincke estimated that 1 c.c. of box-wood charcoal 
has a surface area of 220,000 sq. cms. ; and assumed that the density of the adsorbed 
gas near the surface is the same as that of the solid, and rapidly decreases in density 
in passing from the solid to the free gas. S. Lagergren estimates that a gram of 
charcoal has a surface of 4 sq. metres when it is composed of 1*4 billion particles. 
H. H. Lowry and G. A. Hulett found that the apparent sp. gr. of charcoal is 1*07 ; the 
capillary volume is about 042 c.c. ; and the area of the capillaries is not more than 200 
sq. metres per gram. A. B. Lamb and co-workers estimated that the pores of charcoal, 
assumed to be cylindrical, have an average diameter of 5 X 10 -7 cm., and that one c.c. 
of absorbent charcoal has a surface area of about 1000 sq. metres — the apparent sp. 
gr. is about 04. I. Langmuir claimed to have shown that when gases are adsorbed 
on solid surfaces, the thickness of the adsorbed layer is never greater than 
the diameter of a molecule. I. Langmuir worked at low press. R. E. Wilson, 
C. Terzaghi, A. B. Lamb and A. S. Coolidge, and M. H. Evans and H. J. George have 
shown that the adsorbed layer may be several molecules thick ; and E. Edser further 
demonstrated that the mol. attraction is appreciable at distances as great as 100 
times the mol. diameter. 


According to E. W. R. Pfeiffer, and A. Winkelraann, if D be the density of the adsorbed 
gas, and D 0 the density of the gas in a free state, the density of the gas at a distance n 
from the Burface of the solid will be D 0 +f(n), when /(n) is an unknown function of n. 
At the limiting surfaces, /(0) =D— D 0 ; and f(h) —0, where h is the thickness of the adsorbed 
layer of gas. If S be the surface area of the body, and m the mass of the adsorbed gas, 



E. W. R. Pfeiffer assumes that f(n) decreases uniformly from n=0 to n—h ; and the cal- 
culation is then the same as if the whole surface S is covered with a layer of uniform density, 
4(D— Z) 0 ), of thickness h. The mass of the adsorbed gas is therefore m=%{D—D 0 )Sh. 
Observations show that if v be the volume of the adsorbed gas, m—vD 0 . Combining the 
last two equations, and solving for h, it follows that h=vD 0 l$(D— Z) 0 )£\ Since 13’76 c.c. 
of carbon dioxide at 12’4° ana 8-2 atm. press, are adsorbed by a c.c. of charcoal, and if 
1 c.c. of the charcoal lias a surface area of 570,000 sq. cms., it follows that v/#=24 x 10~* cm. 
If the density of the charooal is 1‘4, D = 1’4, and the density of the oarbon dioxide at 12*4° 
and 8 -.2 atm. press, is D 0 =*Q' 01 530, and hence the thickness of the adsorbed layer of gas at 
this temp, and press, is A=0'52x 10~ 8 cm. 


J. Dewar calculated the apparent densities of some gases adsorbed by cocoanut 
charcoal at low temp., and the results are given in Table IX. They show that the 

Table IX. — The Densities of Gases adsorbed by Charcoal. 

ft 

, I Density. 


Adsorbed gas., Temp. 



| 

Adsorbed gas. 

Liquefied gas. 

Carbon dioxide 

15 

0-70 

0*80 

Oxygen 

—183° 

1-33 

112 

Nitrogen 

-193° 

1*00 

j 0*84 

Hydrogen 

—193° ; 

0*06 

007 

Helium .... 

-258 

0-17 

0*12 
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densities of the adsorbed gases are** of the same order as those of the liquid gases ; 
and, in some cases, they are greater. At highe; temp., the adsorption and apparent 
condensation would both be smaller. According to W. D. Harkins and co-workers, 
the liquids which penetrate into the micropores of charcoal are compressed by a force 
due to molecular attraction which acts as a press, of 20,000 atm. or more. 

The heat ol adsorption. — Heat is evolved when solids are wetted by liquids 
— vide the Pouillet effect. 8 C S. M. Pouillet gave 1*16° for the magnitude of this 
effect (1. 9, 9). N. T. de Saussure observed that when gases are adsorbed bj solids, 
heat is evolved. P. A. Pavre made the following observations of the heat of 
adsorption in cals, per mol. at ordinary temp. : 

NH 3 CO, N,0 SO, HCl HBr HI 

Heat of adsorption . . 7,200 7,300 7,400 10,450 9,700 15,600 22,000 

Heat of liquefaction . 5,000 6,250 4,400 5,600 3,600 4,000 4,400 

The heats of liquefaction are added for purposes of comparison. He found that 
the heat of condensation from gas to liquid is less than the heat of adsorption, and 
hence concluded that the density of the adsorbed gas is greater than that of the 
liquefied gas. J. Dewar added the following values at —185° : 

II., N, A O, (’() 

Heat of adsorption . 1,600 3,686 3,636 3,744 3,416 

Hoat of liquefaction . 238 1,372 — 1,664 

P. Chappius measured the heat of adsorption of ammonia by wood charcoal at 
different stages of the adsorption, and found for the quantity of heat, Q, cals, evolved 
when a vol., v, of gas is adsorbed by 2*350 grins, of charcoal : 

V 26-79 58 02 59 09 59 27 61*55 59*02 -62*77 

Q . . 8*55 20*24 21*45 21*03 22*07 23*54 30*87 

Heat per c.c. . . . 0*3298 0*3488 0*3030 0*3701 0*3586 0*3989 0*4910 

Consequently, the quantity of heat produced per c.c. of charcoal is less the greater 
the quantity of gas already adsorbed. According to 8. McLean, the thermal effect 
in the adsorption of air, oxygen, nitrogen, and carbon dioxide, expressed in cals, 
per c.c. adsorbed, is greatest with oxygen owing to the production of carbon monoxide 
and carbon dioxide. The largest heat production per gram of adsorbent was obtained 
with carbon dioxide. The amount was not entirely accounted for by the latent heat 
of vaporization, indicating that some process other than condensation takes place. 
Coarser kinds of charcoal form carbon dioxide during oxygen adsorption more 
readily than others and adsorb more oxygen. The heat effect expressed in terms * 
of the ratio of the observed thermal effect to the saturation effect when v # c.c. of 
sulphur dioxide are adsorbed per gram of charcoal was found by A. M. WiUiams to 
pass through a minimum and a maximum value, and finally to run parallel to the 
adsorption axis : e 

V 8*0 103 5 176 210 242 361 454 

Heat effect . . . 1*870 1*426 1*306 1*443 1*417 1*257 1*012 

H. L. F. Meslens, and H. Gaudechon have measured the evolution of heat which 
occurs on wetting wood chkrcoal with a number of organic and other liquids. The 
first-named found that when 97 grms. of bromine are added to 11 grms. of charcoal, 
the temp, rises 30°. The sudden compression of water raises the temp, of water 
about 0 0013° per atm., hence, H. L. F. Meslens concluded that rise of temp, 
observed when oharcoal is wetted with water, corresponds with a press, of 893 atm. 
The force of adsorption is then given as follows : 

Water Bromine Ether Alcohol Carbon disulphide 
Force of adsorption . . . 893 3,100 4,620 3,080 13,090 atm. 

I. F. Homphray satisfactorily compared the mol. heat of adsorption, Q, cal-* 

culated from the formula Q=2T I. 2 (d log, p)jdT, with the observed results. 
A. M. Williams, and A, Titoff obtained expressions for the heat of adsorption. 
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A. B. Lamb and A. S. Collidge found the heats of adsorption, Q , indicated in Table X, 
where Q denotes the mol. heat of adsorption of the vap. per normal c.c. of vap. 
and 10 grms. of charcoal ; L, the mol. heat of vaporization ; Q— L then denotes 
the difference between the heat of adsorption and the heat of vaporization, i.e. 
the so-called net heat of adsorption. If v c.c. of vap. are adsorbed, the amount 
of heat, Q, adsorbed per c.c. of vap. is Q—mv 11 , where m and n are constants. The 
constant m varies little from vap. to vap. ; and n is nearly unity. The variations 
of m arffl n are generally in opposite directions. This agrees with the observation 
that the molar heats of adsorption of the various liquids are not very different. 
A. Titoff’s observations on the heats of adsorption of carbon dioxide and ammonia 
are, respectively, (^—0*138 and 0 293 Cal. per c.c. ; the heats of liquefaction 
L=0‘052 and 0*187 Cal. ; and Q- -L™0'086 and 0*105. 

These results are all in agreement with the inference that the net heat of adsorption 
is practically constant for the different liquids observed , when referred to equal vols. 
of adsorbed liquid. The heat of adsorption is therefore assumed to be due to the 
attractive forces of charcoal on the liquid, aud for a given vol. of liquid, or for a 
given vol. of filled capillary space, the amounts of heat liberated are nearly the same 
for all the liquids studied. Assuming that the net heat of adsorption results from 
the force of attraction of the charcoal acting on the liquid, the magnitude of the 
attractive force can then be calculated from the heats of compression of the liquids. 
Values for the heats of compression, dQ/dp cals, per c.c. of liquid at atm. press., and 
0°, are indicated in Table X. The quotient of the net heat of adsorption by the 
heat of compression then represents the magnitude ot the attractive forces, and 
these are evidently nearly constant, and average 11,100 atm. If the heats of com- 
pression, dQ/dp cals, at press, approaching 1 2, OCX) atm., be substituted for those at 
one atm. press., the absolute value of the attractive force is about 37,000 atm. per 
c.c. of liquid adsorbed by 10 grms. of charcoal. 

Taulk X. — Hicats of Adsorption of this Vatours of Somk Organic Compounds. 


Vapour. 

.i ! 

l 

('ah. 

('ah. 

Q l 

per c.o. 
(’ah. 

n 

m 

dQIdp 

cals. 

Q~ l 

dQldp 

X lOOOatm 

Ethyl chloride, C 8 H 6 Cl 

12 33 

0*22 ; 0 1 1 

0*0864 

0*915 

0*7385 

0*0101 

8*5 

Carbon disulphide, 

Methyl alcohol, CH.OH 

Ethyl bromide, C,H & Br 

Ethyl iodide', C<,H 6 l 
Chloroform, CHC1., 

1203 

6*83 5*80 

0*0991 

0*9205 

0*7525 

0*0073 

13 5 

12*95 

9*33 

3*62 

0 0908 

0*938 

0*742 

0*0076 

12*0 

14*33 

6*85 

7*48 

0*1020 

0*900 

0*900 

0*0086 

11*9 

14*25 1 

7*81 

6*44 

0*0815 

0*956 

0*737 

0*0074 

110 

14*93 

8*00 

6*93 

0*0875 

0*935 

0*8285 

0*0071 

12*3 

Ethyl formate, HCOOC a H 5 . 

15*42 

8*38 

7*04 

0*0901 

0*9076 

0*944 

0*0087 

10*3 

Benzene, C # H, 

Ethyl alcohol, C a H a OH 

15*17 

7*81 

7*36 

0*0850 

0*959 

0*774 

0*0074 

115 

14*98 10*55 

4*33 

0*0768 

0*928 

0*871 

0*0066 

1 1*6 

Carbon tetrachloride, CCI 4 

16*09 

8*00 

8*09 

0*0856 

0*930 

0*893 

0*0076 

11*3 

Ether, (C,H a ) a O . 

16*09 

6*90 

9*19 

0*0803 

0 9215 

0*917 

0*0097 

8*3 

Mean 




0*0877 






1 1*1 


A. B, Lamb and A • S. Coolidge further found that the molar adsorption repre- 
sented by the number of c.o. of gas adsorbed at a fixed gas press., say 20 mm., is 
inversely proportional to the mol. vol. of the liquid. R. A. Smith ignored the effect 
of press, on adsorption, and assumed that at atm. press., charcoal adsorbs gases 
in vols. whioh are multiples of the vol. of hydrogen adsorbed. It required 
some juggling with the data to make the assumed law appear even plausible. 
•P. P. KosaJcewitseh studied the equilibrium conditions of adsorption. 

L. Gurwitsch studied the heat of wetting of charcoal, and regarded this as a 
kind of measure of the attractive force between adsorbent and adsorbed substances. 
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He found that oxygen compounds have a greater heat of wetting and are more 
adsorbed by adsorbents containing oxygen — or are oxyphtious — while hydrocarbons 
are more adsorbed by charcoal or are carbophtlous — vide clay. 

Adsorption from solutions.~-In 1785, J. T. Lowitz * showed that coloured liquids 
are decolorized by filtration through charcoal ; M. Guilbert stated that the 
decolorizing power of wood charcoal is improved by exposing it to sunshine for 
some time while in a wet state ; and in 1810, P. Figuier, in his Mhnoire sur lei d&oolora- 
tion du vimujre et nouveau procede pour decolorer cet acide , et autre# liquides pkgktaux 
par le carbane animal , emphasized the marked action of animal charcoal. The fact 
was utilized by the sugar-refiners of France to clarify their beet-sugar syrups. 
According to A. Payen, the sugar was boiled with water and about one-sixth of its 
weight of bone-black for about ten minutes, and the syrup strained. The subject 
was discussed by A. Bussy, and 0. L. Cadet de Gassicourt, etc. ; indeed, the early 
studies on the decolorizing power of “char” were mainly directed to the beet-sugar 
industry. The strained char was at first discarded, but its regeneration was shown 
to be practicable about 1825. Soon afterwards, the use of granular char and true 
filtration was made possible. T. L. Patterson studied the reason why the charcoal 
slowly deteriorates during revivification. The use of granular char in place of the 
powder greatly facilitated the handling of the material, and it does not clog the 
filter presses like the dusty and sooty “ blacks.” Animal charcoal is also used for 
decolorizing other liquids -paraffin, fats, glycerol, etc. The adsorption of air by 
the charcoal may oxidize certain constituents and darken instead ot bleach the 
liquid. Although animal charcoal stands unrivalled as a decolorant there are 
quite a number of decolorizing blacks which have special trade-names --the cponil 
of F. Strohmer, and the karbos , carboraffin , molasocarb, etc., described by C. F. Bardorf. 

As with the adsorption of gases, T. Graham showed that the absorptive action on 
soln. is selective and specific. In Table XI, a few examples are selected from 


Table XT. — Adsorption of Indioo and Sugar from 

AyuKous Solutions. 

Source of carbon. 

Indigo twin. 

Sugar Byrup, 

Blood calcined with potassium carbonate .... 

r>o 

200 

Blood calcined with calcium phosphate .... 

120 

100 

Blood calcined with lime ...... 

18*0 

11*0 

Carbon from jjotashium acetate ..... 

50 

4-4 

Carbon from sodium acetate ..... 

120 

8-8 

Lampblack ......... 

15*2 

i 100 

White of egg ........ 

34 0 

. 15 5 

Aqiinal charcoal ........ 

10 

To 

Animal charcoal washed with acids . . 

1-87 

*10 

Animal charcoal washed with acids and calcined with alkali , 

450 

200 


T. Graham’s results. T. Graham, and A. W. Hofmann found that 2 ozs. of animal 
charcoal removed 0*5 grain of strychnine from half a gallon of beer ; W. L. Dudley 
removed the rank odour of raw whisky by filtration through charcoal ; and W. Skey 
freed dil., but not cone., sulphuric acid from nitric acid by shaking with charcoal. 
Alkaloids are adsorbed from soln., so much so that purified animal charcoal is con- 
sidered particularly effective as an antidote if administered immediately after the alka- 
loid has been swallowed. Observations on the decolorizing jlbwer of different forms 
of carbon have been made by E. F. Anthon, E. Bauer, A. Bruno and P. T. d’Atizay, 
M. Cari-Mantrand, E. Filhol, F. E. Thomas, H. Freundlich and 0. Losey, F. Glassner 
and W. Suida, F. Guthe, L. Pelet-Jolivet and co-workers, L. Rosenthaler and 
co-workers, H. Schwarz, J. Stenhouse, J. Renner, R. Brimmeyr, K. Vierordt, 
H. Bodenbender, 0. Thumb, H. Eisfeld, G. Kriegcr, F. E. Bartell and E. i. Miller,^ 
E. Sporry, P. M. Horton, J. C. Bock, A. B. Bradley, etc. T. Graham showed that 
the decolorizing power resides entirely in the charcoal, and not in the earthy matters 
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associated therewith. T. Graham, and P. Cazeneuve also stated that the nitrogen 
adsorbed by animal charcoal has no perceptible influence on its decolorizing powers 
If the charcoal has been calcined at a very high temp., it loses its decolorizing 
power. The colouring matters are not destroyed but merely withdrawn from soln., 
and may be extracted from the charcoal by a suitable solvent. 0. C. M. Davis found 
that the order of adsorption of iodine from different liquids is not the same with 
different kinds of charcoal. Thus, with animal charcoal, the decrease is in the 
order : chloroform, alcohol , ethyl acetate, benzene, and toluene ; with sugar char- 
coal, chloroform, toluene, ethyl acetate, benzene, and alcohol ; and with cocoanut 
charcoal, toluene, chloroform, benzene, alcohol, and ethyl acetate. The adsorption 
of organic matters from soln. has been investigated by A. Bogojawlensky and 

V. Humnicky, P. Ohappius, 0. C. M. Davis, S. Fineschi, H. Freundlich, L. Hermann, 
R. 0. Herzog, J. Hunter, H. Luhrig, L. Pincussen, H. R. Kruyt and C. F. van Dunn, 
I. M. Kolthoff, A. Pickles, L. Rosenthaler and F. Turk, F. Glassner and W. Suida, 
E. Knecht and E. Hibbert, G. Joachimoglu, H. Rheinboldt and E. Wedekind, 
L. Joulin, J. Matwin, H. L. F. Melsens, L. Michaelis and P. Rona, A. Reychler, 
R. A. Smith, etc. G. Lockemann and M. Paucke have studied the adsorption of 
arsenic acid by charcoal ; and L. and P. Wohler and co-workers, the adsorption of 
benzoic acid. Observations on the adsorption of salts from soln. have been made by 
A. E. Esprit, N. Schilow, L. Liebermann, E. Harms, L. Walkhoff, S. Brussoff, 

K. Stammer, F. E. Bartell and E. J. Miller, S. Odkn and H. Andersson, P. Rona and 

L. Michaelis, T. Tadokoro and S. Sato, II. Schwarz, H. Reichardt and D. Cunze, 
H. Morawitz, K. Birnbaum and A. Bomasch, E. F. Anthon, R. Dupouy, H. Pellet, 

W. II. Heintz, C. Decharme, G. A. Konig, E. C. C. Stanford, F. Smith, H. Leplay 
and J. Cuisinier, E. Moride, W. Wallace, F. Wibel, H. Schulz, F. Knapp, etc. 
According to II . Hartleben, all alkali chlorides are adsorbed to the same extent 
by animal charcoal. N. A. Yajnik and T. 0. Rana found that temp, has 
very little effect on adsorption of a substance by charcoal. An increase of temp, 
produces an increase in adsorption. With an increase in the dilution of a sub- 
stance in soln., the relative amount of adsorption increases, but at higher cone. 

. the absolute amount of adsorption is greater than at lower cone. Adsorption 
depends to some extent upon the chemical nature of a substance, sodium, potas- 
sium, lithium, and magnesium chlorides, belonging to the same group in the 
periodic table, possess lower adsorption values than strontium and calcium 
chlorides. In the adsorption of binary mixtures three things may be observed : 
(a) The presence of a foreign substance may have no effect on the adsorption of 
<. another substance and so adsorption depends very little on the ionization of a 
substapeo. (h) A substance may be adsorbed less in presence of another substance 
than it r . would be if it were alone in soln. In figurative words, an adsorbent 
may be poisoned with regard to one substance by the presence of another, 
(c) The adsorption of a substance may be increased in the presence of another 
substance or that of one may be increased at the cost of the other. The adsorp- 
tion of mixtures follows no general rules, and so the effect of one substance on the 
adsorbability cannot be predicted. The adsorptive power of wood charcoal 
approximates to, or even exceeds, that of animal charcoal when the former has 
undergone a heat treatment. With some exceptions, the adsorption numbers with 
different charcoal can be arranged in the same order. This shows that adsorption 
also depends upon the cheiiiical properties of a substance. A. Fodor and co- 
workers studied the* adsorption of amino-acids, polypeptides, egg-albumin, and 
acetic, lactic, and tartaric acids by animal charcoal; H. Freundlich and 

M. Wreschner, the adsorption of uranium Xj, and of thorium ; and M. A. Rakuzin, 
the adsorption of gum arabic. A. Pickles studied the velocity of adsorption. 

The ac^Borption of ions is different from the adsorption of neutral mols. in that 
„the adsorbing surface thereby acquires an electrical charge. The electrioal charge 
is determined by the number of ions fixed per unit surface area. The electric 
charge of the adsorbent determines oataphoresis and electro endosmosis ; and the 
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peptization of the adsorbent is also facilitated by the electric charge, and this subject 
lias been discussed by W. D. Bancroft, J. N. Mukherjee, and others (8. 23, 8)* 
W. D. Bancroft showed that in general an insoluble electrolyte will adsorb ions 
markedly, so that a soluble salt having a common ion will tend to peptize a sparingly 
soluble electrolyte ; and conversely with coagulation. In the case where the 
charge on the surface is due to a strong chemical adsorption of ions of one kind, 
then, assuming that there is no chemical affinity acting on the ions of opposite charge, 
a layer of the latter will be electrically attracted and held near the adsorbent, and 
an eq. amount of ions of opposite sign will remain in the liquid. The observations 
of G. von Elissafoff on glass and quartz are in agreement with J. N. Mukherjee’s 
calculations. At low cone., the density of the electric charge on the surface increusos 
to a maximum, and at higher cone., falls gradually towards a null-value when the 
oppositely charged ions are univalent ; but, as shown by the observations of R. Ellis, 
F Powis, L. RiHy, S. W. Young and R. Neal, H. R. Kruyt, H. A. McTaggart, etc., 
when the oppositely charged ions are multivalent, or are complex organic ions, the 
charge passes through a null-value, reverses its sign, reaches a second maximum, and 
then slowly diminishes. J. N. Mukherjee attributes the negative charge of surfaces 
in contact with water to the chemical nature of the adsorbed auions or cations. 

He suggests that with the simpler electrolytes, the cations are usually simple, while the 
anions aro more or less complex. Tho anions are therefore subject to the chemical affinity of 
the surface atoms, wlrlo the chemical action on the cations is small. If the chemical affinity 
acting on the anion of tho electrolyte is stronger than the electrostatic attraction of the 
surface on the cation, then the initial charge of a surface in contact with pure water can 
bo duo either (a) to tho strong adsorption of an ion of a minute quantity of suitable 
electrolyte associated with the solid, (6) or to tho adsorption of hydroxyl ions from water. 
On tho addition of an olectrolyto the density of the electric charge will increase at low con- 
centrations because of the chemical adsorption of tho anion. Tho oloctrical adsorption 
of the cation is smaller as the chemical adsorption has been assumed to be stronger. Besides, 
the electrical charge of tho surface is also not at its maximum. As the surface becomes 
more and more covered by the anions the rate of adsorption of tho anions rapidly decreases. 
Also, the electric charge repels tho anions, and those only can strike on it that have sufficient 
kinetic energy to overcome the potential of tho double layer. The number of collisions is 
thus not proportional to the cone, but rises more slowly. Near about the point where the 
surface becomes saturated the value of the rate of adsorption of the anions will be almost 
zero. On tho other hand, the electrical adsorption increases continually with the oono. 
and the increase of the charge. It is apparent that soon a balance will be reached. between 
the chemical adsorption of the anion and the electrical adsorption of the cation. The 
minimum charge will correspond to the stage when the rate of adsorption of the cation is 
just equal to the rate of adsorption of the anion. Beyond this cone., the charge will decrease 
rapidly, and when the surface has been sat. with the anion tho subsequent variation in the 
charge is simply due to electrical adsorption. As the electrically adsorbed multivalent 
cations impart a positive charge to the surface, the adsorption of the cation deeroaa^s and 
the electrical adsorption of the anion becomes possible. As long as there is a positively 
charged surface the adsorption of the anion will increase more rapidly with the co i!b. than 
that of tho cation. A second maximum will thus be reached and a decrease in the charge will 
follow. The electrical adsorption of the anion is small because of the smallness of the 
positive charge and an initially existing negative charged surface. A further reversal of 
the charge is not possible, and, in fact, has never been observed. 

The action of acids and alkalies. — J. Perrin, F. Haber and Z. Klemeneicwicz, 
A. T. Cameron and E. Oettinger, etc., have shown that, unlike most univalent ions, 
hydrogen and hydroxyl ions impart to tho surface a charge of the same sign as they 
carry. In the case where the surface is chemically inert towards the hydrogen and 
hydroxyl ions, or to the dissolved acid and alkali with which it may be in contact; 
F. Haber and Z. Klemensiewicz, W. B. Hardy, and A. M. Williams have shown that 
the adsorbed water mols. behave as a solid layer ; and the surface is neutral in 
contact with water ; and that the mols. of water in the adsorbed layer are in thermo- 
dynamic equilibrium with the mols. of the water in the body of the liquid. The 
water mols. are ionizing at a definite rate, and for equilibrium as many *iona are 
muting to form neutral water mols. According to J. N. Mukherjee, the neutralisa- 
tion of the ions in the adsorbed layer will be very small because the mols. Wre 
VOL. V. . 3 F 
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behave like a solid layer, and the surface will be neutral. If an acid is added to the 
water, the neutralization of the H*- in the surface layer with the OH'-io ns in the liquid 
will be very small, but not necessarily so with the neutralization of the OH'-ions 
in the surface layer with the H -ions in the liquid. This means that a corresponding 
number of H -ions will remain in the surface layer in excess of the OH'-ions. This 
resulting charge on the surface will increase with a ‘rise in the cone, of the H-ions 
in the liquid. The opposing factors are : (i) The proportion of H-ions striking the 
surface decrease as the positive charge of the surface increases, since only those ions 
can enter the surface which have a sufficient kinetic energy to overcome the electrical 
repulsion ; and (ii) the electrical adsorption of the anion of the acid in the soln. 

When the surface is not chemically inert, and there is a preferential adsorption 
of one of the ions, J. Perrin, G. von Elissafoff, R. Ellis, F. Powis, etc., have shown 
that surfaces in contact with water are usually negative owing to the preferential 
adsorption of OH'-ions. This may be related with the potential quadrivalency of 
oxygen. According to J. N. Mukherjee, in contact with pure water the surface 
has a layer of adsorbed water and a number of hydroxyl ions. The amount of 
hydroxyl ions adsorbed by the surface will, in general, be small, as the concentration 
of the hydroxyl ions is very small in pure water. If, however, the adsorption is 
very strong the surface will have a considerable negative charge. On the addition 
of an alkali the negative charge of the surface will increase, due to (i) the preferential 
adsorption of hydroxyl ions will increase, and (ii) the number of hydrogen ions being 
formed at the surface will be more and more neutralized by hydroxyl ions in the 
liquid. A maximum will be reached when the surface is saturated by preferential 
adsorption. Since the chemical adsorption of hydrogen ions is assumed to be 
absent, on the addition of an acid the negative charge will decrease owing to electrical 
adsorption till the surface becomes neutral. At this concentration of the acid, the 
surface has an adsorbed layer of water, and an equal number of hydrogen and 
hydroxyl ions. An increase in the positive charge is due to the neutralization of 
the hydroxyl ions being formed at the surface by impinging hydrogen ions in the 
liquid. The maximum charge due to acids thus gives a measure of the hydration of the 
surface. The difference between the maximum charge observed with acid and with 
alkali gives a measure of the amount of hydroxyl ions that is required to saturate 
the surface. E. J. Miller showed that the hydrolysis of some salts is increased 
during adsorption by charcoal. H. Lachs stated that substances of a similar 
electric charge are able mutually to replace one another on an adsorptive surface 
unity. The results were satisfactory for the adsorption of acetic acid, bromine, 

< and benzoic acid from aq. soln. by blood charcoal. For bromine, with the 
standard equation (»/m)"= W, n=2’4, and log k— 0*974 ; and when G is expressed 
in millimole per litre, and x/m in millimols per gram of charcoal. 

V 0-92 2-59 0-09 17-08 29-75 

* xjm, Oba. . 2-07 3’ 10 4-27 5-44 0-80 

xjm, Calc. . 2-09 2 90 4-10 5-04 6*80 

0. C. M. Davis found the above formula represented satisfactorily his observations 
on the distribution of iodine between charcoal and vafious organic liquids, and he 
obtained results with various charcoals which agreed with the assumption that 
the adsorbed iodine consists partly of a surface condensation and partly of a solid 
soln., but D. Schmidt- Waltet considered that the alleged slow diffusion of iodine from 
the surface to the ifiteripr of the charcoal is a mal-inference, for he attributed the 
phenomenon to a slow reaction between iodine and the organic liquid where the 
charcoal acted as a catalyst. G. Wiegner represented the distribution of sucrose 
and lactose between charcoal and water by the same formula; which also 
represents the distribution of potassium chloride between stannic oxide and water 

, (J. M. van Bemmelen) ; and between charcoal and water (H. Lachs and L. Michaelis). 
Other formulae have been discussed by H. Freundlich, J. M. McBain, W. Ostwald, 

1. M. Kolthoff, G. C. Schmidt, G. von Georgievics, R Marc, G. TrUmpler, O. Dietl, 
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A. M. Williams, etc. H. Freundlich, and G. C. Schmidt showed that the same 
state of equilibrium with acetic or benzoic acid, charcoal, and water is attained 
by starting from both sides, so that in these cases the process is reversible. 
P. J. Moloney and D. M. Findlay studied the selective adsorption as a means of 
purifying insulin and similar substances. 

The selective adsorption of a salt from a soln. will appear to be reversed and the 
soln. will become more concentrated if relatively more of the solvent than of the 
solute is absorbed. This is called negative adsorption. S. Lagergren, for example, 
noted the negative adsorption of some chlorides and of ammonium bromido by 
charcoal ; A. E. Esprit, of ammonium iodate, dichromate, and chromate by charcoal ; 
and M. A. Rakuzin and G. F. Pekarskaja, with Bismarck-brown by gelatin, etc. 
J. Tadokoro and Y. Nakamura measured the adsorption with soln. of potassium 
iodide by charcoal made from different starches ; and Y. Osaka obtained similar 
results with aq. soln. of sodium chloride, sodium sulphate, and potassium sulphate 
and with blood charcoal. With potassi am chloride, the adsorption is positive when the 
cone, is relatively high, and negative when the cone, is low. This shows that the 
amounts adsorbed increases only up to a certain critical point as the cone, of the 
soln. is increased ; any further increase in the cone, of the soln., the surface gives 
up some of the salt or the amount adsorbed is actually less than is the case with 
weaker soln. The theory has been discussed by J. N. Mukherjeo, and 
M. A. Rakuzin. According to F. T. Trouton, there are possibly two modes of 
adsorption. In one, there is a simple increase in the cone, of the soln. in the surface 
layers ; and in the other, with coin', soln., there is a deposition analogous to the solid 
form. 

The cause of the diminution in the cone, of the adsorption layer at a certain critical 
value of the cone, is difficult to understand. Something analogous has been observed by 
Lord Rayleigh in the thickness of layers of oil floating on tho surface of water. As oil 
is supplied the thickness goes on increasing up to a certain point ; beyond this, on further 
addition of oil, tho layer thins itself at some places and becomes much thicker at others, 
thicknesses intermediate to these being apparently unstable and unable to exist. As 
helping towards an explanation of tho diminution in the adsorption layer wo may suppose 
that as the strength of the soln. is increased from zero, the adsorption is at first merely an 
increased density of the solp. in tho surface layer. For some reason, after this has reached 
a certain limit, further addition of salt to the soln. renders this mode of composition of 
the surface layers unstable, and there is a breaking up of the arrangomont ol tho layer 
with a diminution in its amount. We may now suppose the second mode of deposition to 
begin to show its effect with a recovery in the amount of the surface layers and a further 
building up of the adsorption deposits. On account of passing through this point of 
instability the process is irreversible, so that tho application of thermodynamics to the 
phenomenon of adsorption is necessarily greatly restricted in its usefulness. 

A possible cause of the instability in the adsorption layer which occurs at* the critical 
point may be looked for in the alternations in the sign of the mutual forces between attracting 
particles of the kind suggested by Lord Kelvin and others. Within a certain distance 
apart — the mol. range— the particles of matter mutually attract one another, while at very 
close distances they obviously must repel, for two particles refuse to occupy the samo* space. 
At some intermediate distances the force must pass through zero value. It has for various 
reasons been thought that, in addition, the force has zero value at a second distance lying 
between the first zero and the mol. range, with accompanying alternations in tho sign of the 
force. Thus, starting from zero distance apart of the particles, the sign of the force is 
negative or repulsive ; then, as the distance apart is supposed to increase, the force of 
repulsion diminishes, and after passing through zer§ value becomes positive or attractive ; 
next, as the distance is increased the force diminishes again, and alter passing through a 
second zero becomes negative for a second time ; finally, «the force on passing through a 
third zero becomes positive, and is then in the stage dealt within capillary and other 
questions. 

The mechanism of adsorption. — In order to distinguish the condensation of 
gases on free surfaces from the absorption of gases in the molecular interstices or 
throughout the mass of the absorbing liquid or solid, H. Kayser 6 adopted a sug- 
gestion by E. du Boi8-Reymond, and called the former case adsorption. The term 
is also applied to the withdrawal of a solute from a sob. by a solid. This may be 
due to (i) the formation of definite chemical compounds ; (ii) the formation of solid 
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gob. ; and of mixed crystals ; and (iii) surface condensation. W. Mecklenburg’s 
definition of adsorption is a condensation or combination at the surface only without 
the interpenetration of the adsorbed substance throughout the mass of the adsorbent. 
J. W. Gibbs’ deduction of his equation (1. 13, 22) also assumes a definition of adsorp- 
tion analogous to this. J. W. McBain employed the term sorption to include both 
the surface condensation, and interpenetration. The general opinion of most 
investigators is that with gases adsorption is due to the mere condensation of gas 
on the capillary and other surfaces of the solid. The very name was intended to 
emphasize this view of the phenomenon. The preceding estimates of the thickness 
and density of the adsorbed film, and of the magnitude of the attractive force between 
the solid and gas assume that the adsorbed gas in a condensed form is spread over 
the exposed surface of the solid, and that the surface tension of the charcoal is 
lowered by the presence of the gas. * 

8. Lagergren considers that adsorption by solids in contact with aq. soln. is due 
to the compressed state of the water in the surface layer. S. Arrhenius, indeed, has 
drawn attention to the parallelism between the amounts of different gases adsorbed 
by charcoal and the coeff., a , of J. H. vender Waals’ equation (1. 13, 4), and he regards 
this as definite evidence of the compressed state of the surface layer. J. J. Thomson 
showed that Laplace’s theory of capillarity leads to the conclusion that in the surface 
layers chemical actions, etc., which are absent in the body of the liquid, may occur. 
J. W. Gibbs’ thermodynamical treatment of adsorption (1. 13, 22) has been amplified 
by S. R. Milner, W. 0. McC. Lewis, and F. G. Donnan and J. T. Barker. This 
attributes adsorption to changes produced in the surface tension of the solvent in the 
boundary layer. This view is adopted by H. Freundlich. Observations show that 
the amount adsorbed from a soln. is often greatly in excess of that computed from 
J. W. Gibbs’ equation. This arises from the circumstance that here the attempt is 
made to explain adsorption in terms of the diminution of surface energy, or of a 
layer under a great internal press. ; otherwise expressed, only one source of change 
in the free energy of the surface layer is considered. G. Bakker showed that if the 
density of the surface layer is different from that of the liquid in bulk, a second 
term is needed to represent the change in free energy. At low temp., this second 
term may be negligible in comparison with the surface tension itself, but at high 
temp., the second term may be relatively large because the surface tension is small 
and the saturation press, large. A. M. Williams has also emphasized the effect 
of the variation in the surface of an adsorbent while it is adsorbing ; and S. Arrhenius 
also emphasized the chemical aspect of the adsorption of gases by solids, since, in 
addition to the attractions between the mols. of a gas in the surface layer, there is 
also tjio ohemical attraction of the surface atoms and the mols. of the gas. 
L. Mic^aelis and P. Rona also show that the assumption of special forces at the 
surface rails to account for the facts, and that it is necessary to assume that adsorp- 
tion is an effect of chemical affinity. They showed that charcoal has a great capacity 
for adsorbing substances with a chain of carbon atoms. 

0. Hoitsema assumed that hydrogen occluded by palladium (q.v.) is in the at. 
state and his isothermal at 0° is almost the same as that obtained by M. W. Travers 
ft t —78° for carbon dioxide. There is, however, no satisfactory evidence to show 
that the adsorption of hydrogen by carbon is attended by such a change. Both 
P. D. Zacharias, and M. W. Travers favoured the hypothesis that the process 
involves a kind of clogged diffusion. Thus, H. H. Sheldon says that the action is dual, 
since besides the sufface action, there is a diffusion into the more inaccessible 
channels, which cannot be expected to take place until the easily accessible or 
directly exposed parts are saturated. On the other hand, J. W. McBain observed 
that this assumption does not agree with his observations on the influence of press., 
where it is shown that the same length of time is taken for hydrogen to diffuse at 
160 mm. press, as is taken at 20 mm. press., while P. D. Zacharias’ hypothesis 
* predicted that it would occupy 64 times as long. I. F. Homfray regarded the process 
as one of dissolution or absorption rather than adsorption or surface condensation. 
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The objection to the soln. hypothesis is that Henry’s law does not hold, but she 
attributes the deviations to the high cone, of the soln. It is assumed that the simple 
gas laws are valid for dll. soln. but not for cone. soln. The main objection to the 
soln. hypothesis, said L. B. Richardson, arises from the improbability that equili- 
brium between the gas and solid phase would be attained so quickly as the 
0*5-2 0 hrs. actually observed. J. W. McBain combined the soln. and the surface 
condensation hypotheses by showing that when carbon is placed in hydrogen, at 
the temp, of liquid air, there is a rapid decrease of press, for a few minutes, and this 
is followed by a slow decrease continuing for several hours. It is supposed that 
the first rapid action is due to surface adsorption, and the slower action is caused 
by the penetration of the gas into the material of the charcoal by adsorption to form 
a kind of solid soln. The absorption of carbon dioxide at low temp, gives evidence 
of the same phenomena, but not at higher temp. J. B. Firth’s observations on the 
sorption of iodine by different forms of carbon at 25°, show that while the first 
rapid condensation occurs in a few minutes, the slower absorption may extend over 
months and years. K. F. Lundelius studied the adsorption of iodine from soln. in 
different solvents. G. Wiegner and co-workers found the adsorption of fatty acids 
from aq. soln. is augmented when 2A-NaCl is used in place of water. B. Guatavor 
also considers that the isotherms of the adsorption by charcoal of the vapour of 
water, alcohol, and acetic acid show a well-marked point of inflexion. The first 
part of the curve is taken to represent the reversible adsorption, and tho second 
part is supposed to be due to the condensation of liquid in the pores of the charcoal. 

J. R. Katz argued that the application of H. Freundlich’s adsorption formula is 
not a sufficient proof that the fixation of water by charcoal is one of surfaco 
adsorption, and he plotted the fixation isotherm and the heat of sorption as a 
function of the quantity of fixed substance. The curve has an almost horizontal 
middle part like that also obtained with fresh silicic acid. Assuming that the 
form of the curve is due to the existence of systems of microcapillaries, the radius 
of the capillaries is calculated to be 12-2 G/x/x. J. R. Katz, however, considers 
it more probablo that the effects observed are due to the difficult moistening of 
the solid by water. 

L. B. Richardson explains the adsorption process in the following words : 

Layers of gas, decreasing in density outwards, are condensed through the surface energy 
of the solid at the boundary surfaces. An equilibrium between free -and adsorbed gas is 
thus established. Through a limited range, increase of press, causes increase in quantity of 
gas adsorbed in a fairly definite logarithmic ratio, but as the press, increases beyond these # 
limits, the relative amount of adsorption becomes less, the density of the surfaco layers 
cannot be increased on the former scale ; in other words, it becomes increasingly difficult 
for additional quantities of gas to take their places in the already crowded surfa^ region. 

A point should finally be reached at which increased jiress. would cause no measurable 
increase in adsorption. In the same way the crowding effect causes a decrease in the 
relative amount adsorbed at constant press, with a lowering of the temp. At low temp., the 
possibility exists that a small portion of the total gas in the solid phase is absorbed (dissolved) 
m the structure of the charcoal. This portion is relatively slow either to enter or to leave 
the charcoal structure. 

M. Faraday, in 1834, implied that in the ca^lytic effect of platinum on the com- 
bination of hydrogen and oxygen, there is a kind of combination at the surface, so 
as to form a transition layer more than one mol. thiclf. He said : 

The surface is dependent on the natural condition of gaseous elasticity combined with 
the exertion of that attractive force, possessed by many bodies, especially those which are 
solid, in an eminent degree, and probably belonging to all, by which they are drawn into 
association more or less close, without at the same time undergoing chemical combination 
though often assuming the condition of adhesion, and which occasionally leads, finder very 
favourable circumstances, to the combination of bodies simultaneously subjected to this # 
attraction. . . . The sphere of action of particles extends beyond those other particles 
with which they are immediately and evidently in union, ana in many cases produces 
effects rising into considerable importance. 
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The failure of the theories of adsorption based on the assumption that the phe- 
nomenon is determined, in all cases, solely by surface energy led to the hypothesis 
that chemical affinity is also concerned in the process — vide supra — and this is in 
harmony with M. Faraday’s conception of the adsorption of gases. This view 
seems the more probable when the preferential or specific nature of adsorption is 
taken into consideration. This aspect has been particularly emphasized by 
W. D. Bancroft (3. 23, 8), and the idea has been developed by I. Langmuir. The 
work of A. Eucken, and R. Lorenz and A. Land6 agrees with the assumption that 
adsorption and mol. surface forces are identical. 

T. F. E. Rhead and R. Y. Wheeler consider that the fixation of oxygen by 
carbon involves the formation of a more or less indefinite compound, C n O n + x , 
because the adsorbed oxygen cannot be removed by exhaustion alone, and by 
increasing the temp, during exhaustion, not oxygen, but a mixture of carbon 
monoxide and dioxide in proportions dependent on the temp, at which the carbon 
has been heated during the fixation of the oxygen — presumably : C n 0 n+x =xC0 2 
-f(n— -$)CO is evolved. The hypothesis was intended to explain phenomena 
attending the oxidation of carbon rather than the phenomena of adsorption. 
L. B. Richardson observed no signs of the formation of such compounds in his 
study of the adsorption of carbon dioxide by charcoal ; and A. Eucken showed 
that in the case of the adsorption of argon by charcoal, it is unlikely that the 
adsorbed mols. are held by the attractions of chemical forces ; and the adsorption 
forces are similar to forces responsible for condensation phenomena, they are 
almost independent of temp., and extend over a relatively small distance which 
is of the same order as the mol. radius. This can be taken to mean that there is 
an indefinitely large intermediate range of phenomena between the two limiting 
cases where the chemical forces are indefinitely small, and the surface tension large. 

A. Eucken further considered that the adsorbed film of gas on the surface of a 
solid is a kind of transition layer where the mols. are attracted from a distance to the 
surface ; and G. Bakker employed a similar hypothesis in developing a theory of 
surface, tension, for he assumed that the mols. in the transition layer are attracted 
to one another by a force which is an inverse exponential function of the distance 
between them. F. Haber has further emphasized his belief that the forces concerned 
in adsorption phenomena may be brought in close connection with chemical affinities. 
He said : 

The study of the action of X-rays on crystals has shown that ordinary crystalline salts 
i are not systems in which one anion and one cation form a mol. which is separated from the 
next, but that one cation is probably bound to all the surrounding anions and one anion to 
all the surrounding cations. In consequence of that, we may feel inclined to consider the 
possibility of chemical forces acting between the atoms or ions in the surface of the solid 
precipitates and the mols. or ions in the final layer of the surrounding liquid, i.e. in the . 
adsorption layer. We may remember that there are good reasons for the belief that chemical 
forces are of eleotrioal character, and we know from electro-osmosis and similar phenomena 
that electrical forces are always acting between the surface of the solids and the adjacent 
layer of fluid. 

The peculiar relations of the surface atoms or mols. to the other mols. of a liquid 
or solid led I. Langmuir to assume 'that they are unsaturated chemically, and are 
surrounded by an intense f^ld of force. In consequence, when the gas mols. 
impinge against suoh*a surface, they do not, in general, rebound elastically, but are 
held there by the field of force (residual valence) of the surface atoms of the solid. 
The length of time which elapses between the condensation of a mol. and its subse- 
quent evaporation depends on the surface forces. Adsorption is a result of this 
time-lag, for if the surface forces are weak, evaporation may occur very shortly after 
the condensation, and only a small fraction of the surface becomes coated with a layer 
* of adsorbed mols, ; and if the surface forces are intense, the rate of evaporation 
will be negligibly small and the surface will become completely covered with a layer 
of mols. of the gas. The nuinber of layers of mols. so retained on the surface will 
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depend on the sphere of action of the surfaoe of the solid. A. B. Lamb and 
A. S. Coolidge showed that the films of adsorbed gas are at least one, and usually 
many mols. thick ; and in support of this view, they quoted G. Quincke's observation 
that the sphere of action of silver has a radius of 6 X 10~° cm. which is more than the 
diameter of a mol., vide supra . I. Langmuir, and H. S. Harned adapted the kinetic 
theory of gases to the adsorption theory. The former started from the relation 
P=P(2ttM RT)~l> or p— 4376x 10 representing the rate of bombardment 

of the gas mols. on a solid surface ( 1 . 13, 2), when p is the number of molecules striking 
unit surface per second, M the mol. wt., T the absolute temp., p the press., and R the 
gas constant in ergs per degree. It was shown that for an ideal gas, the rate of 
bombardment is proportional to the press. ; and further, that the fraction of the 
solid surface covered or the quantity of gas adsorbed at the press, p is a p /(v f a^), 
where a is a constant denoting the fraction of the total number of mols. of the 
gas that leads to a condensation on the surface — it is usually close to, and can never 
exceed, unity. Here, v denotes the rate at which the gas would evaporate if unit 
area of the surface were completely covered. 

In the simplest case, it is assumed that (i) the adsorbed layer is one mol. thick ; 
(ii) all mols. of gas which impinge on the layer of mols. already on the surface, 
rebound and do not condense ; and (iii) the ratio of the number of mols. condensing 
on unit surface in unit time, to the number evaporating from that surface in the same 
time, is constant throughout the process. The rate of adsorption will then bo propor- 
tional to the bare surface ; so that if A denotes the absorption capacity by weight 
per gram of charcoal, and K the weight of gas adsorbed per gram of charcoal in the 
time t, the rate of adsorption dK/dt, will be ; 

« *->«/* 

where k is a constant. I. Langmuir deduced 



where N 0 represents the number of the elementary spac es per sq. cm. of surface, 
N is Avogadro's number, 0 lf the fraction of the surface covered at equilibrium ; and 
O', the fraction covered in a timo t. The member on the left of the last equation 
should be a constant when the press, and temp, are constant. Again, if the sphere 
of action of the mols. at the surface of the solid extends beyond the film one mol. 
thick, a fraction of a second layer will be adsorbed. Assuming that the ratio of the * 
number of mols. condensing on the first layer to the number evaporating frem that 
layer is constant, then, for the first and second layers respectively : % 

and d ^k 2 (xF-y) 

where x is the amount on first layer in time t ; a is the amount on first layer when 
t is infinite ; ki is the constant of the first reaction ; y is the amount on second layer 
in time t ; k 2 is the constant of the second reaction ; .and F is a cocff. such that aF 
equals the amount on the second layer wh«?n t is infinite. Her e x-\-y~K, and 
a+aF—A. H. S. Harned tested these relations ^vith chloropicrin and carbon 
tetrachloride vapour, and found the observed results in ggneral agreement with 
I. Langmuir’s hypothesis. 
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§ 10. The Action of Oxygen, and Water on Carbon 

Observations on the combustion of the diamond have been described in a special 
section in connection with the action of heat on the diamond. E. H. von Baum- 
hauer 1 showed that the flame is bluish-violet resembling that of burning carbon 
monoxide. G. Rose detected small corrosion pits on the surface of a diamond which 
had been heated to about 1(XX)°. H. Moissan gave for the ignition temperature 
of different kinds of diamond in oxygen : Yellowish-black diamond, 690° ; hard 
black diamond, 710°-720° ; transparent Brazilian diamond, 760°-770° ; Capo 
diamond, 780°-790° ; Brazilian boart, 810° ; Cape boart, 790° ; and hard boart, 
800°. G. Rose said that Haky graphite burns less readily and compact graphite 
more readily than the diamond -thus, after burning 13 min. flaky graphite lost 
2745 per cent. ; the diamond, 97 76 per cent. ; and compact graphite, 100 00 per 
cent. R. Blindow also said that flaky graphite burns less readily than the diamond. 
H. N. Warren noted that the graphite which separates from a soln. of carbon in 
ferromanganese is not so difficult to burn as that from manganese, while that from 
chromium was the most difficult to burn ; H. Moissan said that the graphite sftnilarly 
derived from platinum ignites in oxygen at 575° ; and that from iron at 670°. 
H. Moissan gave 300°-5(X)° as the ignition temp, of amorphous carbon in dry or 
moist oxygen. Amorphous carbon which has been heated at an elevated temp, is 
more difficult to burn in oxygen than charcoal carbonized at a lower temp. 
H. Valerius said that the temp, of burning carbon is 1678°. Demonstration experi- 
ments illustrating the combustion of carbon, graphite, and diamonds have been 
devised by R. Blindow, A. P. N. Franehimont, A. W. Hofmann. B. Lepsius, E. Prime, 
J. Volhard, and C. J. Woodward. 

H. Karsten said that finely divided amorphous carbon is Oxidized in dry air at 
ordinary temp., and carbon dioxide is formed. R. A. Smith noticed a peculiarity 
in the relations of oxygen to charcoal which was not exhibited with hydrogen, 
nitrogen, and carbon dioxide. The absorption continued for a month, arid when the 
attempt was made to drive off the oxygen by heat, carbon dioxide in place o^pxygen 
was evolved. This observation was confirmed by H. Kayser, and J. Bohm. 
H. H. Lowry and G. A. Hulett considered that there is evidence of a slow reaction 
between carbon and adsorbed oxygen at ordinary temp, resulting in the formation 
of a non-volatile oxide. M. Aubert, indeed, said that large masses of finely divided 
wood charcoal may ignite spontaneously when exposed to air. F. C. Calvert, 
however, could detect no evidence of the formation carbon monoxide or dioxide 
by the oxygen adsorbed by purified charcoal -^-the adsorbed oxygen could oxidize 
ethyl alcohol to acetic acid ; and ethylene to carbgn dioxide and water. These 
reactions do not occur with carbon monoxide or dioxide in glace of oxygen. Tfte 
evidence is not always satisfactory because in some cases there is the uncertainty 
whether the charcoal used contained hydrocarbons, which, as previously indicated, 
are very likely impurities in charcoal. H. H. Lowry and 8. O. Morgan showed 
that at 450° the rate of oxidation of different samples of charcoal is roughly 
proportional to the amount of chemically combined hydrogen prepent, and 
to the extent of surface exposed, W. Skcy showed that at a red heat, thc # 
oxygen is probably removed from the adsorbed air by oxidation because nitrogen 
alone was given off by the cooled charcoal. 
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H. Moifisan found that carefully charred bituminous coal is slowly oxidized at 
100 ° by dry or moist oxygen at atm. press., and this without visible combustion. 
F. H. Storey and D. S. Lewis obtained evidence of oxidation at 200° ; E. Blumtritt, 
at 140°; and G. Craig, at a red heat. As previously indicated, J. Dewar did not 
detect any appreciable oxidation of carbon to carbon monoxide or dioxide by 
adsorbed oxygen between —185° and —15°. C. J. Baker verified R. A. Smith’s 
statement that the moist oxygen adsorbed by carbon a't —12° was given up as carbon 
dioxide when the carbon was heated to 100°. O. Meyerhof and H. Weber studied 
the self-oxidation of charcoal in alkaline soln. When animal charcoal is suspended 
in dil. alkali-lye, oxygen is absorbed and carbon dioxide formed ; 4 cals, of heat are 
evolved per c.c. of oxygen used. The velocity of oxidation is increased 60 per cent, 
when air is replaced by oxygen. The self-oxidation is a surface effect and is inhibited 
by various urethanes to different extents. The inhibition is due to a displacement 
of the adsorbed substance from the surface, while the adsorbed hydroxyl-ion is not 
affected. The degree of oxidation is proportional to the amount of adsorbed 
hydroxyl-ions. 

For the rise of temp, which occurs when water is mixed with carbon, vide 
W. Skey, 2 C. S. M. Pouillet, etc. A. Scholtz found a finely ground charcoal dried 
at 100° absorbed 65 per cent, of water before any supernatant liquid appeared ; and 
with up to 30 per cent, of water, the powder appeared sensibly dry. J. C. Pog- 
gendorff noted that if carbon electrodes are used in the electrolysis of water, carbon 
monoxide and dioxide are given off. According to P. Degener and J. Lach, if 
freshly calcined animal charcoal be moistened with as much water as it can adsorb, 
and layers 6-8 cms. deep are exposed to air and light, hydrogen peroxide and ozone 
are formed. E. H. von Baumhauer observed that diamonds are not changed when 
heated \o whiteness in water vapour. A. P. Dubrunfaut found that sugar charcoal 
burns when heated electrically in an atm. of water vapour, or in moist air ; and 
B. Lepsius made a similar observation. C. J. Baker showed that neither carbon 
monoxide nor carbon dioxide is produced when water is boiled with carbon at 100°. 
F. Clement and J. B. Dtteormcs found that when water vapour is passed over red-hot 
charcoal, in a porcelain tube, a mixture of hydrogen and carbon monoxide and dioxide 
is formed. R. Bunsen noted that the system attains a stationary state when the 
proportions of these gases are 4 vols. of hydrogen, 2 vols. of carbon monoxide, and 
one vol. of carbon dioxide, but J. H. Long showed that the products are not distri- 
buted in the simple proportions assumed by R. Bunsen, for the proportion of 
carbon monoxide steadily decreases as the carbon is oxidized. According to 
1 J. Lang, the reaction between carbon and steam begins at about 600° when 
20*4 per Cent, of carbon dioxide, and 0 9 per cent, of carbon monoxide are 
produced along with hydrogen ; and at a higher temp., carbon monoxide 
appears, and the proportion of carbon monoxide increases until the carbon 
monoxide itself begins to be oxidized by the steam. This proportion is inde- 
pendent of the depth of the carbon through which the gases pass. It was 
therefore inferred that the primary reaction is C-f 2H 2 0 t=£ 2H 2 -{-C0 2 , but there are 
a number of side reactions : C0 2 -f-C=2C0 ; an d C 04 -H 2 0 ~C 0 2 -{-H 2 . The 
reactions have been studied by A. Naumann. P. Farup investigated the reaction 
C-f H 2 (MCO-f-H 2 . H. A. Neville and H. S. Taylor found that alkali carbonates, 
alkaline earths, and various s^lts promote the reaction between steam and carbon. 
Potassium carbonate is the most active salt catalyst. R. T. Haslam and co-workers 
showed that the reactions C-j-H 2 0=C0-f H 2 and C-f-2H 2 0=C0 2 -f2H 2 take place 
at the surface of the carbon and are unimolecular. C. Sandonnini also inferred that 
carbon is not a catalyst for a detonating mixture of hydrogen and oxygen, and 
that from 300° to 500° it absorbs oxygen, which it gives off at a higher temp, 
as carbon .monoxide and dioxide. Nickel accelerates the reaction. 

* In 1794, Mrs. Fulhame assumed that the presence of moisture is necessary for the 
combustion of charcoal in air ; and in 1871, A. P. Dubrunfaut inferred from some 
inadequate experiments that carbon does not bum in oxygen without the interven- 
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tion of water vapour. J. B. A. Dumas denied this by some inconclusive experi- 
ments in which carbon and oxygen, dried by potassium hydroxide and sulphuric 
acid, were found to burn completely to carbon dioxide. Ho asked : les gaz 
seches par ces precedes , sonl-ik absolument prices d'eau ? and added that it would 
be difficult to affirm that the gases thus desiccated are absolutely dried since il riy 
a rien d’absolu dans le monde materiel ; but it is certain that any trace of water 
which remained could not bq detected in any known way. The weakest part of 
J. B. A. Dumas’ work was in the drying of the carbon. H. B. Baker has proved, in 
a most convincing way, that carbon and oxygen, when highly purified, do not readily 
combine together at a high temp., for, on heating purified charcoal in well-dried oxygen 
to redness in glass tubes, he observed no glow or scintillation (which is immediately 
produced in the presence of water-vapour) ; but on opening the vessels, part of 
the oxygen was found to have combined with the carbon, forming carbon monoxide 
and carbon dioxide. Whilst these experiments show the great influence of steam in 
bringing about the union of carbon and oxygen, they do not decide the question 
whether charcoal and oxygen would combine at all in the complete absence of 
moisture. W. G. Mixter added that it has not been decided if carbon would remain 
unburnt in oxygen if both reagents were perfectly dried, since carbon always retains 
some occluded hydrogen which bums to water. The subject was also discussed by 
R. H. Bremridge, K. Broockmann, etc. Mrs. Fulhamo explained the function of 
water as follows : 

During the combustion of charcoal in air, the carbon attracts the oxygen of the water 
and forms carbon dioxide, while the hydrogen of the water unites with the oxygon of the 
air to form a new quantity of water equal to that decomposed. Hence the carbon of the 
charcoal does not unite with the oxygen of the air, as Lavoisier supposes, but with the 
oxygen of the water contained in that gas. 

L. C. A. Barreswill 3 showed that if carbon bo burnt at a low temp., carbon 
dioxide is almost exclusively formed, and the same result is obtained if air be passed 
through a thick layer of carbon at a low temp. ; but at a white-heat, the product 
is nearly all carbon monoxide — vide carbon monoxide. In confirmation, A. Ledebur 
found, at the following approximate temp. : 
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According to W. Hempcl, at a high temp, carbon monoxide and mere traoes of 
carbon dioxide are produced, and the product is not influenced by the presence 
of much or little oxygen. F. C. G. Muller discussed this subject. . According 
to R. Ernst, the composition of the products of combustion depends almost 
exclusively on the temp. The formation of carbon dioxide begins aT about 
400°, and at this temp, there is already a small quantity of carbon mqpoxide 
produced. The maximum production of carbon dioxide occurs at about 700°, 
and amounts to some 20 per cent, of the products (including the nitrogen of 
the air used) ; up to this temp, the formation of carbon monoxide is but small, 
hardly exceeding 3 per cent. ; the oxygen, however, is entirely used. At higher 
temp., the carbon dioxide rapidly disappears, giving pl&ce to carbon monoxide, until 
at 995° this gas amounts to 34 per cent., the # remainder being atm. nitrogen. It 
must be noted, however, that the rate of passage of*the air was much reduced in 
those experiments in which the highest temp, were maintained ; no reason is 
assigned for this. There was no further change in the composition of the produots 
up to the. highest temp., 1092°, at which M. Ernst experimented. The production 
of carbon monoxide could not be induced at a lower temp, by altering the other 
experimental conditions. It is concluded that carbon monoxide is the only oxida- 
tion product of carbon at 1000°, and that producer gas should be prepared at this 
temp. By substituting carbon dioxide for air, it was proved that this gas is never ' 
entirely reduced to carbon monoxide by the hot fuel, so that, where the production 
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of carbon monoxide is preceded by that of carbon dioxide, some of this gas must 
appear among the products of combustion ; it may be concluded, therefore, that the 
carbon burns directly to carbon monoxide at the. high temp. 0. Manville showed 
that the formation of carbon monoxide and dioxide by the direct action of oxygen 
on carbon depends on the nature of the carbon ; on its physical and chemical 
state, the velocity of the current of oxygen, and on the time. When carbon 
has been heated in vacuo, and cooled slowly, and the operation repeated many 
times, the temp, at which it unites to form the oxides are higher than the 
initial values. This effect may partially be due to the gradual removal of 
hydrocarbons. 

It was assumed that the first product of the reaction is carbon dioxide, 
C-f-0 2 -C0 2 ; and that in a secondary reaction, the carbon dioxide is reduced 
to the monoxide, COo-f 0=200. This view is adopted by D. I. Mendeleeff, F. Haber, 
and others. J. Lang also inferred that carbon dioxide is the first product of the 
reaction, because when oxygen was passed over gas carbon contained in a glass 
tube heated to 500°, it was found that the carbon dioxide was not reduced. The 
products of combustion varied with the speed of the passage of the oxygen, the 
carbon monoxide formed being less the slower the gas-stream, and disappearing alto- 
gether with very slow streams. Hence, argued J. Lang, the carbon monoxide found 
with quick streams was produced by the reduction of the carbon dioxide first 
formed, owing to local heating of the carbon. With very slow streams no local 
heating would occur, and therefore there was no reduction of carbon dioxide. 
H. B. Dixon claimed that these experiments merely show that carbon dioxide is the 
end-product of the reaction when oxygen is slowly passed over coke at 500° ; and 
they do not contradict the hypothesis that carbon monoxide is the first product of 
the oxidation of carbon. 

A mixture of oxygen and carbon monoxide was passed at different speeds 
over carbon heated at 500°. With slow gas streams the whole of the oxygen was 
converted into carbon dioxide, and the carbon monoxido passed through the tube 
unchanged. With rapid streams more carbon monoxide was found in the products 
than was present in the original mixture, some of the carbon dioxide first formed 
being reduced by the carbon. J. Lang, therefore, concluded that, since the oxygen 
was converted into carbon dioxide under such conditions that the carbon monoxide 
present was not acted on, the carbon dioxide must have been formed without the 
intermediate formation of carbon monoxide. H. B. Dixon was unable to confirm 
J. Langs experiments ; and, indeed, obtained contradictory results. 

In 1861, P. Tunner, and, in 1872, I. L. Bell argued that carbon monoxide, not 
carbon dioxide, is the first product of the combustion of carbon, so that the 
primafy reaction is 2C-f- 0 2 =2C0, and the secondary combustion of the monoxido 
furnish^ carbon dioxide : 2 CO+O 2 — 2C0 2 . It will be observed that the theory of 
probability and the simple kinetic hypothesis (2. 18, 4) make the reaction : 
C-f0 2 ^=C0 2 much more likely to occur than 2C-f-0 2 =2C0. H. B. Baker showed 
that when a stream of thoroughly dried oxygen is passed over charcoal at a red heat, 
no glowing occurs, but a little carbon dioxide and much carbon monoxide is formed, 
the oxygen in all cases being in excess. The drier the materials, the less the amount 
of carbon dioxide produced. * On the other hand, when a mixture of carbon and 
platinum black was heated to redness in oxygen no glowing was observed, but a 
portion of the oxygen united with the carbon, forming carbon monoxide only. 
Since moisture and platinum both induce the union of carbon monoxide with 
oxygen, and in the absence of these substances carbon monoxide is the main 
product, the results “ seem to point to the conclusion that carbon first burns 
to carbon monoxide.” H. B. Baker also passed mixtures of oxygen and 
nitrogen, not specially dried, over purified carbon between 400° and 500°, and 
found thaft the proportion of carbon monoxide increased as the temp, was lowered, 

•> and as the proportion of oxygen in the mixture was diminished. Hence it 
was inferred that the carbon monoxide in these experiments could not be due 
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to the reduction of carbon dioxide because carbon monoxide is not reduced by 
charcoal at 500°. C. J. Baker found that dried carbon which had absorbed dried 
oxygen at 12°, yielded only traces of gas on raising the temp, until, at 450°, the 
9 S 4868 evolved consisted almost exclusively of carbon monoxide. He therefore 
concluded that carbon is burned directly to carbon monoxide by adsorbed oxygen, 
H. Wieland confirmed H. B. Baker’s observation that carbon burns slowly in dry 
oxygen at 730°. H. B. Dixon, and H. B. Baker found that purified charcoal does 
not reduce well-dried carbon dioxide at about 630°. Ail this favours the assumption 
that carbon bums to carbon monoxide, but, as H. B. Dixon stated, “ a decisive ]>roof 
is still required.” It was not found possible to show that tho rate of either 
C-f0 2 ~C0 2 , or 2C-f0 2 =2C0, can proceed at temp, under which the rate of 
C0 2 +C=2C0, is inappreciable. 

H. B. Dixon's work on the burning of gaseous carbon compounds leaves little 
room for doubt that in burning gaseous carbon compounds, carbon monoxide is 
produced before carbon dioxide. For example, H. B. Dixon, E. H. Strange, and 
E. Graham showed that the velocity of the explosion-wave is higher when the gas 
is half-burnt to carbon monoxide than when there is enough oxygen present to burn 
it completely. Moreover, the substitution of inert nitrogen for tho additional mol. 
volume of oxygen required for complete combustion produces less retardation. So 
far as the propagation of the explosion-wave is concerned, therefore, tho second 
mol. of oxygen is inert. This is well shown by the following rates of explosion : 

Mixture of gases . , C 2 N 2 f 0 2 C 2 N a -f20 2 C 2 N s -f () t -f N # 

Rate of explosion . . 2728 2.121 2398 metres per second 

Further, the flame is not only propagated more quickly, but tho press, is highor 
and the reaction completed sooner in the first than in the second case. Tho only 
conclusion to be drawn from these results is that the formation of carbon monoxide 
precedes that of carbon dioxide. 

In every case where attempts have been made to find if carbon oxidized to carbon 
monoxide or dioxide, both gases occur among the products of the reaction. Hence, 
it is not at all unlikely that we are dealing with concurrent reactions, say : 

mC | J(n j w, )0 2 <^' 0 " )( ° 

H. E. Armstrong suggested that carbon monoxide and dioxide are produced by 
the breaking down of a complex oxide of carbon; and T. F. E. Rhead and 
R. V. Wheeler developed the idea. At no temp, at which the rate of oxidation of # 
carbon can be measured were they able to show that there is a primary formation 
of carbon dioxide or of carbon monoxide. Some carbon monoxide is produced 
during the oxidation of carbon at low temp, under conditions which do not admit of 
the reduction of carbon dioxide by carbon. On the other hand, carbon dioxide is 
undoubtedly produced at low temp, in quantities which cannot be accounted for by 
the supposition that carbon monoxide is first formed and then oxidized to carbon 
dioxide. Their measurements of the rates of the various reactions between oxygen, 
carbon monoxide, carbon dioxide, and carbon lead to the conclusion that in the 
burning of carbon, tho two oxides are prodi/fced simultaneously. Neither of the 
oxides is the primary product of the oxidation in the*sense that it takes precedence 
over the other. They assume that the oxygen is first fixed by the carbon so as to 
form what they call “ a loosely formed physico-chemical complex ” to which no 
definite mol. formula can be assigned, but, they say, which can be regarded as an 
unstable complex C x O v , where the symbol has a different meaning to that usually 
employed in chemistry. H. H. Lowry and G. A. Hulett support this hypothesis. 
During combustion, each oxygen mol. which comes into collision with the carbon 
becomes fixed in so far as it is rendered incapable of further progress by the attraction* 
of several carbon mols. They added : 



816 


INORGANIC AND THEORETICAL CHEMISTRY : 

A considerable evolution of heat takes place during this attachment of oxygen mole., 
bo much so that some of them eventually acquire sufficient energy to seize hold of a carbon 
atom and depart with it as carbon dioxide. Some of them become tom apart in the process 
— become atomized — and leave the carbon moL as carbon monoxide. This formation of a 
complex, and partial decomposition as fresh oxygen mols. become attached, goes on until 
the carbon becomes “ saturated,” the products of combustion during this period (a com* 
paratfvely short one) being GVOy, C0 2 , and CO. After the carbon has become sat. there is 
an alternate formation and decomposition of the complex. Each oxygen mol. that im- 
pinges on the carbon is at once seizod hold of to form the complex, but the energy set free 
when this occurs decomposes an eq. proportion of the complex formed from previous 
oxygen mols. So that, finally, when air is passed over sat. carbon maintained at a constant 
temp, by the application of an external source of heat, carbon dioxide and carbon monoxide 
appear in the products of combustion in volume sufficient to account for the total volume 
of oxygen in the air originally passed. In the normal burning of carbon, therefore, the 
carbon dioxide and carbon monoxide found as the apparently primary products of com- 
bustion, arise from the decomposition, at the temp, of combustion, ©f a complex the 
formation of which is the first result of the encounters between oxygen and carbon mols. 

The reaction : 2C-f0 2 “2C0.—-The rate of the reaction : 2C-j-0 2 — 2C0 has not 
been investigated. F. Pollifczer calculated for this reaction, K—CoJC'^co » and 
log K-~— 13148T -1—1*75 log T-f 0* 000634 T— 4*2. The free energy of the reaction 
F=60l00-f8Tlog T-f20*4r— 0*0029T 2 ; the thermal value of the reaction 
y--60100~3-5r4-0 0029T 2 . Hence, at the absolute temp. 

0 ° 300 ° 1000 ° 2000 ® 

F 60,100 71,800 101,600 141,300 

Q 00,100 59,300 59,500 64,700 

The reaction : C-h0 2 — C0 2 .— P. Farup determined the rate of the reaction : 
C+0 2 =C0 a between oxygen and graphite or arc-lamp carbon, at 455°, 485°, and 
515° ; and between air and graphite at 485° and 515°. If x denotes the per cent, 
by vol. of carbon dioxide formed in the time t, the rate of formation of carbon 
dioxide is assumed to be : 

dx .. . , I, a 

^k(a-x ) ; or k~ log 
dt v ' t a—x 

where k is the velocity constant and o is the initial volume of oxygen. 

455 ® 485 ® 515 ° 

x . .2*39 1*62 7*46 540 373 2047 fp58 7^7 

k . . 0*11 0*10 0*32 033 038 1*21 1*16 1*24 

Similarly experiments with air gave A*= 1*605 at 515°, and* 0*485 at 485°. For 
oxygen, at a temp. 0°, log a-f 60, and between 455° and 515°, the ratio ^ +10 /A^ is 
1*60 ; and for air between 485° and 515°, 152. T. F. E. Rhead and R. V. Wheeler 
also made measurements of the rate of oxidation of wood charcoal at 350°, 400°, 
and 500°. A rise of temp, of 150° from 350° to 500° increases the rate of the reaction 
five* or six-fold. They noted at 350° and 400° respectively O’ 20 and 0 60 per cent, 
of carbon monoxide ; and at 500°, 


Time, t min. . 

0 

30 

45 

60 

120 

Total press., P mm. 

. 465*2 

436*0 

424*3 

418*3 

408*4 

Partial press., peo mm. 

. O 

37*4 

38*6 

41*0 

36*7 

Partial press., po. mm. 

. 96*4 

18*7 

8*9 

3*3 

— 

k . . . 

— 

0*0237 

0*0230 

0*0244 

— 


At the end of 30 min., at 500°, the gases contained 8*6 per cent, of carbon monoxide. 
They found similar rates with air and oxygen, and since the reduction of carbon 
dioxide by carbon at these low temp, is inappreciable, they concluded that no 
amount of local heating of the carbon can explain the formation of this carbon 
monoxide. 

* For the equilibrium constant Z=Co 1 /0co 1 * F. Pollitser gave log K=> 
~ 2I3602 % “ 1 ~0 , 4, so that for T— 1273, log 17*1, tho observed value it 
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—16 27. W. Nerast calculated the free energy of this reaction to be 97700+ P828T 
— 0*00007 T 2 , from which he inferred that the reversible combustion of a gram-atom 
of carbon by oxygen to carbon dioxide at atm. press, is 98,240 cals, at T— 300° ; and 
since the thermal value of the reaction at room temp, is 97,650 cals., it follows that 
the heat of combustion of carbon at atmospheric tetnperalures is almost completely eon - 
vertible into external work. 

■ The reaction : C0 2 +C=2C0.— The reversibility of the reaction C0 2 +CV*2C0 
was discovered by H. St. C. Deville 4 with his le tube chaud et froid t for it was known 
that heated carbon reduces carbon dioxide to the monoxide, and he observed that 
when carbon monoxide is heated to a temp, rather lower than the m.p. of silver, a 
little carbon dioxide is formed, but above 1000° none could be detected. This is in 
accord with general principles (2. 18, 4), for the reaction 2CO=CO a +C is exothermio 
evolving 39 Cals., hence, the quantity of carbon monoxide is increased by raising 
the temp. I. L. Bell noted that the decomposition is accelerated by finely divided 
metals — nickel, cobalt, iron, etc. R. Schenck and co-workers also found that the 
reaction is greatly accelerated by finely divided iron, nickel, or cobalt, but not by 
the oxides of these metals. With nickel and cobalt the reaction at 445° behaves as 
if it were bimolecular : 2C0=C+C0 2 , and between 256° and 445°, monomolecular : 
CO— C+ 0 followed by CO+O— C0 2 . P. Sabatier and J. B. Senderens explain the 
catalysis by assuming the cyclic reactions M+CO-=MO+( ■, and MO-f-CO ~M+C0 2 . 
These reactions have also been studied by F. Zimmermann, A. Smite, M. Bodenstein 
and C. G. Fink, L. Gruner, E. Berger and L. Delmas, etc. H. A. Neville and 
H. S. Taylor found that the reaction between carbon and carbon dioxide is accelerated 
by the presence of alkali carbonates, alkaline earths, carbonates, sodium chloride 
or silicate, borax, nickel, or copper. Potassium carbonate is the most active salt 
catalyst. Reduced nickel promotes the reaction. It is assumed that the absorption 
of carbon dioxide by carbon is augmented at 445° by these accelerating agents which 
alone show no absorptive capacity for the gas. R. T. Haslam and co-workers say 
that the reaction between carbon and carbon monoxide is unimolecular, and takes 
place at the surface of the carbon — vide carbon monoxide. 

0. Boudouard studied the equilibrium conditions from right to left at 650°, 800°, 
and 925°. He used iron, nickel, and cobalt as catalytic agents ; and from left to 
right without catalysts. The, importance of the reaction in producer-gas practice 
has attracted other workers — M. Mayer and J. Jacoby, K. Arndt and G. Schraube, 
T. F. E. Rhead and R. V. Wheeler, J. K. Clement, etc. -R. Schenck and F. Zimmer- 
mann, found that it is not the metal oxides, but rather the reduced metals which act 
catalytically. This docs not agree with 0. Boudouard’s conclusion. R. Schenckf 
and F. Zimmermann’s results at low temp, do not agree with those of 0 .'Boudouard ; 
the latter said that the dissociation of carbon monoxide is complete at 445°, while 
the former obtained 52 8 per cent, as the equilibrium value. There is a difference 
in the value of the constant K—CcoJCh o obtained with different kinds of carbon ; 
and R. Schenck and W. Heller obtained 1:5: 5*5 for the values of K with graphite, 
carbon from carbon monoxide, and wood or sugar charcoal. The difference is a 
consequence of the law of mass action, for if p denotes the vap. press, of carbon, K is 
really equal to K'p , where K' is a constant ; and since the vap. press, of carbon 
varies from one modification to another K'p will be constant for any particular 
modification of carbon used. For equilibrium, the Results indicated in Table XIII 
hav§ been observed. F. Poilitzer found that at a constant press., K—CcoJC*oot 
and log #„=8200r~i-P75 log T+0*0006r-3*8. K. Jellinek and A. Diethelm gave 
log /r p =8300r~ i — 1’78 log T-f 0*000686 IT— 3‘876. Their data are indicated in 
Table XIII. 


T. F. R Rhead and R. V. Wheeler found that the effect of temp, and jyrem. on the 
quilibrium can be represented by H. le ChateUer’s formula : 
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where Q denotes the total heat of the reaction at T° K. ; p, the press, in atm. ; Nj and N 2 
the numbers of mols. on the left and right sides of the equation respectively — the sub- 
scripts 1 and 2 respectively refer to the initial systems ; n v n\, . . . and n 2 , n' 2 , . . . repre- 
sent the number of molecules of the different substances taking part in the reaction ; and 
C } , C' j, . . . and (J 7% C’ v . . . denote the cone, of the different substances concerned in the 
reaction. For the system 2CO^CO a -fC; when p = 1, with the system in equilibrium, 
{N t — Nt) loge p=0 ; and if Q — 39 Cals., the equation becomes lSSOOT-^+log* (C ,> 1 /C 1 8 ) =fc- 
For variable press., assuming that the heat of the reaction i% Q — 38055 -f 2‘02T — 0-003 12’ 2 , 
the equation becomes \QT - x -f logo p-flog* (C i JC i ) =k. 


Table XII. — Proportions of Carbon Monoxide in Equilibrium with Carbon Dioxide 
in the Presence of Carbon at Different Temperatures and Atmospheric 
Pressure. 


Temp. 


0. Boudouard. 


M. Mayer and 
J. Jacoby. 


0. Sehraube. 


T. F. E. Rhead 
and R. V. Wheeler 


700° 

58-07 

750° 

75-94 

800° 

87 05 

850° 

94 05 

900° 

97*10 

950° 

98-77 

1000° 

9900 

1060° 

— 

1100° 

— 

1200° 

— 


00-11 

63-44 

— 

75-94 

78-60 

— 

86-90 

88-59 

— 

93-21 

94-16 

93-77 

90-40 1 

96-95 

97-78 

98-12 

98-15 

98-68 

98-97 

99 00 

99-41 

— 

i — 

99-63 

— 

i — 

99-85 

— 

— 

99*94 


Table XIII. — Isotherms and Isobars of the Equilibrium Conditions in the Reaction 

C+CO a =2CO. 





Per cent. C0 2 by volume. 

Temp. 

I log K p . 






1 

1 

1 atm. 

50 atm. 

100 atm. 

200 atm. 

500 

22 503 a Hr® 

92-79 

9900 

10000 

10000 

550 

, 15-842 x Hr 3 

8511 

97-62 

98-63 

98-98 

000 

9-955 x Hr** 

72-88 

! 95-63 

96-89 

97-79 

050 

4-717x10-3 

56-38 

92-08 

94-27 

96-08 

700 

3-0003x10-3 

38-17 

87-50 

90-23 

93'lfc 

750 , 

! 2-5770x 10-3 

22-62 

79-48 

8501 

98-13 

8do 

1 2-2020 xur 3 

12-26 

70-29 

77-88 

83-77 

86 e 

i 1-8670x10' 3 

6-3 

59-38 

6903 

76-88 

900 

1-5420x10“ 3 

3-2 

47-68 

58-89 

68*62 

950 

1-2560x10-’ 

1-5 

36-48 

48-22 

59-30 

1000 

0-9410 x 10-* 

0-7 

24-70 

35-88 

47-72 

10G0 

0-7470xlO-» 

0-4 

J 17-78 

28-53 

40-06 

1100 

0-5260x10“ » 

o-i 

1200 

2409 

32-47 


The reaction : 2C0-f-0 2 ^2C0 2 .- H. St. C. Deville 5 investigated this reaction 
in the vicinity of 1200° in his le tube chaud et J raid . The subject was investigated by 
R, Bunsen, J. M. Crafts, E. Mallard and H. le Chatelier, 0. Hahn, C. Danger and 
Y. Meyer, H. B. Dixon and H. F. Lowe, A. Jaquerod and F. L. Perrot, M. Berthelot 
etc. F. Haber and A. Moser investigated the reaction at 445° and 518° by measuring 
the e.m.f. of a gas cell with a solid electrolyte. H. le Chatelier and E. Mallard, and 
N. Bjerrum employed the explosion method. I. Langmuir used heated wires ; 
L. Ldwenstein, W. Nemst, and F. Emich used the vapour density method. 
F. Pollitzer computed that the heat of the reaction Q=135210-f 3*5T— 0 0027T 2 ; 
andlogif=— 29600T - l-|-l *75 log T—0 00058T-f 3‘4. If p be the partial pressures 
of the components; P, the total press. ; and x, the degree of dissociation of the car- 
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bon dioxide, then, as in the case of water, K~p 2 * * coPoJpv.o t i or K=x*/ 2(1 — x) 2 ; 
and when P— 1 , x is very small, so that A'— or log K~ 3 log x— log 2 ; hence, 
31og 29600r _1 -f 1*75 log r~0 00058r-f 3*4. Hence, given either x or T, the 
other can be calculated. W. Nernst and H. von Wartenberg found for x— 0*00419 
per cent., T obs.— 1300°, calc. 1375° ; and for £=0029 per cent., T obs. =1478°, and 
calc. 1560°. For the percentage degrees of dissociation of carbon dioxide at different 
press, and temp., vide Table XIV. J. E. Trevor and F. L. Kortright calculated 


Table XIV. — Percentage Degrees of Dissociation of Carbon Dioxide at Different 
Temperatures and Pressures. 


Temp. T° K. 


P-*[Q atm. 


P ~ \ atm. 


atm. 


/'-0 01 atm. 


1000 ° 

1500° 

2000 ° 

2500° 


731 x 10- 6 
1-88x10 s 
0-818 
7-08 


1-58x10 1 
400x10 * 
1-77 
15-8 


3-40x10 5 
8-72x10 * 
3-731 
30-7 


7-31x10 * 
0-188 
7-88 
53 


the percentage dissociations and heats of dissociation, Q , indicated in Table XV. 
M. Pier found that the calculated values for the dissociation of carbon dioxide are 
higher than the observed, and this is taken to mean that the sp. ht. of the gas 
increases more rapidly above 2000^ than is allowed for in the calculation. N. Bjerrum 
found for the dissociation at the absolute temp. T, 

T . . 1500° 2640° 2879° 2945° 3110° K. 

Dissociation . 0-04 21 0 51*7 04 7 70*1 por cont. • 


Table XV.— Percentage Dissociation of Carbon Dioxide at Different Temperatures 
and Pressures. 

Pressures) lit atmospheres. 


0 ° 

; oooi 

0 01 

6 1 

1 

JO 

100 

j < J cols. 

1000 

j 

' o-n 

005 

0024 

0011 

0005 

00024 

-02,662 

1500 

9-5 

4-6 

2-2 

10 

0-5 

0-2 

-50,125 

2000 

57*7 

; 34-7 

18-3 

90 

4-3 

20 

-46,767 

2500 

87-0 

69-6 

460 

25-7 

130 1 

6-3 

-34,640 

3000 

93-9 

83-4 

62-7 

140-01 

21-6 i 

10-8 

- 19,742 

3500 

95-4 

: 87-0 

69-7 

46 1 

25-7 

130 

* IV 

4000 ! 

95-1 

! 80-4 

i 66-6 

45 0 

24-9 ! 

| 12-6 

, Up, 343 





References. 



' 


1 H. Moisaan, Conipt. Pend., 118. 460, 1893 ; 119. 976, 1245, 1894 ; 135. 921, 1902 ; Le four 
ileclriquc, Paris, 1897 ; London, 1904 ; Hull. Soc. Chim., (3), 29. 101, 1903 ; Ann. Chin. Pny s., 

(7), 8. 289, 1896 ; M. Aubert, ib., (2), 45. 73, 18110 ; E. H. vop Baumhauer, Arch. Nicrl., (1), 8. 

1, 1873 ; G. Rose, Siizber. Akad. Berlin, 516, 1872 ; ¥. Karstcn, ib., 38, 1860 ; Pogg. Ann., 109. 
348, 1860; R. Blindow, Ber., 9. 19, 1876; H. Valerius, Bull. Acad. Belg., (2), 38. 12, 1874; 

E. Terres, Journ. Gasbeleucht., 63. 785, 805, 820, 836, 19204 H. N. Warren, Chem. Ne tvs, $9. 
291, 1894 ; J. Dewar, Froc. Boy. Inst., 18. 184, 1905 ; Proc. Boy . <Soc.*74. 126, 1904 ; W. Skey, 
Chem . News, 15. 15, 27, 1867 ; G. Craig, ib., 90. 109, 1904 ; F. H. Storey and D. S. Lewis, Amer. 
Chem . Journ., 4. 409, 1883 ; E. Blumtritt, Journ. prakt. Chem., (1), 98. 418, 1886 ; F. C. Calvert, 
Journ. Chem. Soc., 20. 293, 1867 ; C. J. Baker, ib., 51. 249, 1887 ; H. Kayser, Wied\ Ann., 12. 
526, 1884 ; R. A. Smith, Proc. Boy. Soc., 12. 424, 1863 ; J. Bohm, Bot. Zeil., 32, 1883 ; W. G. Mir- 
ter, Amer . Journ. Science, (3), 45. 363, 1893 ; A. P. N. Franchimont, Bee. Trav. Chim. Pays-Bas, 

I. 275, 1882 ; E. Prime, Amer. Chemist, 3. 64, 1872 ; C. J. Woodward, ib., 2. 454, 1372 ; Chem. 
News, 25. 127, 1872; A. W. Hofmann, Ber., 15. 2656, 1882 ; B. Lepsiua, ib., 23. 1639, 1890 ; 

J. Volhard, Liebig's Ann., 284. 345, 1895 ; H. H. Lowry and G. A. Hulett, Journ. Amer. Chem T 
Soc., 42. 1408, 1920; H. H. Lowry and S. 0. Morgan, d>.,48. 846, 1924 ; 0. Meyerhof and 
H. Weber, Biochem. Zeit., 135. 558, 1923. 



820 


INORGANIC AND THEORETICAL CHEMISTRY 

# P. Degener and J. Lach, Dingier' 8 Joum ., 266. 519, 1885 ; J. Lang, Joum . Qasbekucht., 31. 
932, 967, 1888 ; Zeit. phys. Chem ., 2. 161, 1888 ; A. P. Dubrunfaut, Compt. Rend., 78. 1395, 
1871 ; C. 8. M. Pouillet, Ann. Chim. Phys., (2), 20. 141, 1822 ; W. Skey, Chem. New , 80. 290, 
1874 ; C. J. Baker, Joum. Chem. Soc., 51. 249, 1887 ; Proc. Roy. Soc., 45. 1, 1889 ; H. Wieland, 
Rev., 46. 2606, 1912 ; B. Lepsius, ib. t 23. 1639, 1890 ; A. Naumann and F. G. Mudford, ib., 80. 
347, 1897 ; Zeit. angew. Chem., 10. 197, 1897 ; Die Heizungsfrage mit besonderer ROckskht auf 
Wassergaserzeugung und Wassergasheizung, Giessen, 1881 ; A. Scholtz, Chem. Ztg., 46. 652, 1922 ; 

0. J. Baker, Joum. Chem. Soc., 51. 249, 1887 ; Mrs. Fulham^, An Essay on Combustion with a 
view to a new Art in Dying and Painting, London, 1794 ; H. A. Neville and H. S. Taylor, 
Science, (2), 58, 577, 1921 ; R. T. Haslam, F. L. Hitchcock, and E. W. Rudow, Joum. Ind. Eng. 
Chem., 15. 115, 1923 ; J. Gwosdz, ib., 14. 69, 1922 ; O. Meyerhof and H. Weber, Biochem. Zeit., 
185. 558, 1923; F. C16ment and J. B. Dionnes, Ann. Chim. Phys., (1), 38. 285, 1801 ; Gilbert's 
Ann., 9. 423, 1801 ; J. B. A. Dumas, Compt. Rend., 74. 137, 1872 ; H. B. Baker, Phil. Trans., 
179. A, 571, 1888; Joum. Chem. Soc., 47. 349, 1885; R. H. Bremridge, Phami. Joum., (3), 
19. 958, 1889 ; K. Broockmann, Joum. Oasbeleucht., 31. 189, 1888 ; W. G. Mixter, Amer. Joum. 
Science, (3), 45. 363, 1893 ; E. H. von Baumhauer, Arch. Nierl., (1), 8. 1, 1873 ; J. C. Poggen- 
dorff, Pogg. Ann., 54. 358, 1841 ; R. Bunsen, ib., 46. 207, 1839 ; Liebig's Ann., 85. 137, 1853 ; 
J. H. Long, ib., 192. 288, 1878; Ber., 11. 1464, 1878; P. Farup, Zeit. anorg. Chem., 50. 276, 
1906; C. Sandonnini, Gazz. Chim. ltd., 52. i, 394, 1922 ; 53. ii, 453, 1923. 

* L. C. A. Barreswill, Joum. Pharm. Chim., (3), 25. 172, 1854 ; A. Ledebur, Stahl Eisen, 
2. 360, 1882 ; Deut. Ing. Ztg., 498, 1882 ; J. Lang, Jour n. Gasbeleucht., 31. 932, 967, 1889 ; Zeit. 
phys. Chem., 2. 161, 1888 ; P. Tunner, Rev. Univ., 7. 432, 1860 ; P. Farup, Zeit. anorg. Chem., 
50. 276, 1906 ; A. Naumann, Zeit. angew. Chem., 10. 200, 1896 ; R. Ernst, Experimentelle Beitrtige 
zur Kenntnis der Vorgdnge bei der Verbrennung von Kohle in Luft, Giessen, 1892 ; Joum. prakt. 
Chem., (2), 48. 31, 1891 ; O. Manville, Compt. Rend., 142. 1190, 1523, 1906 ; Joum. Chim. Phys., 
5. 297, 1907 ; O. Boudouard, Ann. Chim. Phys., (7), 24. 5, 1901 ; H. H. Lowry and G. A. Hulett, 
Joum. Amer. Chem. Soc., 42. 1408, 1920 ; H. B. Baker and H. B. Dixon, Proc. Roy. Soc., 45. 

1, 1888 ; H. B. Dixon, Joum. Chem. Soc., 75. 630, 1899 ; H. B. Dixon, E. H. Strange, and E. Gra- 
ham, ib., 69. 759, 1896 ; T. F. E. Rhead and R. V. Wheeler, ib., 97. 2178, 1910 ; 99. 1141, 1911 ; 
101. 831, 846, 1912 ; 103. 461, 1913 ; 1. L. Bell, ib., 22. 203, 1869 ; Chemical Phenomena of Iron 
Smelting , London, 4, 1872 ; H. St. C. Deville, Compt. Rend., 59. 873, 1864 ; 60. 317, 1865 ; 
F. Haber, Thermodynamik technischer Gasreakiionen, Miinchen, 1905 ; London, 255, 1908 ; 
D. I. Mendel6ef, Principles of Chemistry, London, 1. 388, 1891 ; J. W. Mellor, Modern Inorganic 
Chemistry. London, 713, 1912 ; W. Nernst, Theoretische Chemie, Stuttgart, 698, 1912 ; London, 
746, 1916; F. Pollitzer, Die Berechnung chemischer Affinitaten nach dem Nemstschen 
Warmetheorem, Stuttgart, 130, 1912; H. E. Armstrong, Joum. Soc. Chem. Ind., 24. 475, 1906; 
F. C. G. Muller, Zeit. phys. chem. Unterricht, 86. 260, 1923 ; H. B. Baker, Phil. Trans., 179. A, 
57.1, 1888; Joum. Chem. Soc , 47. 349, 1885 ; C. J. Baker, ib., 51. 249, 1887 ; W. Hempel, Ber., 
23. 1485, 1890 ; Zeit. angew. Chem., 8. 729, 1895; H Wieland, Ber., 45. 679, 1912. 

4 H. St. C. Deville, Compt. Rend., 59. 873, 1864; 60. 317, 1865; M. BodenHtein and C. G. Fink, 
Zeit. phys. Chem., 80. 46, 1907 ; H. von Juptner, ib., 100, 231 , 1922 ; A. Smits and L. K. Wolff, ib., 
65. 199, 1903 ; A. Smits, Ber., 38. 4027, 1905 ; R. Schenck and W. Heller, ib., 38. 2139, 1905 ; 
R. Schenck and F. Zimmermann, ib., 36. 1232, 1903 ; R. Schenck, ib., 38. 3663, 1903 ; F. Zim- 
mermann, Stahl Eisen, 25. 758, 1905 ; O. Boudouard, Ann. Chim- Phys., (7), 24. 1, 1901 ; Bull. 
i Soc. Chim., (3), 25. 282,484, 1901 ; Compt. Rend., 128. 98, 307, 824, 1522, 1524, 1899 ; 130. 132, 
1900 ; 131. 1204, 1900 ; L. Gruner, ib., 73. 28, 1871 ; E. Berger and L. Delmas, Bull. Soc. Chim., 
(4), 29. <18, 1921 ; H. A. Neville and H. S. Taylor, Joum. Amer. Chem. Soc., 43. 2056, 1921 ; 
Science, {?), 58, 577, 1921 ; R. T. Haslam, F. L. Hitchcock, and E. W. Rudow, Joum. Ind. Eng. 
Chem., 15. 115, 1923: P. Sabatier and J. B. Senderene, Bull. Soc. Chim., (3), 29. 294, 1903; 
M. Mayer and J. Jacoby, Joum. Oasbeleucht., 52. 282, 1909 ; M. Mayer, Uebereinige Gasreakiionen, 
Methanbildung und KoMenoxyd-Kohknsauregekhgewkht, Karteruhe, 1908 ; G. Schraube, Veber das 
Qkkhgewkht des Generator-gases, Berlin, 1911 ; T. F. E. Rhead and R. V. Wheeler, Joum. Chem. 
Soc,, 97. 2178, 1910 ; 99. 1140, 1911 ; I. L. Bell, ib., 22. 203, 1869; J. K. Clement, Bull. Univ. 
Illinois, 30, 1909 ; K, Arndt and G. Schraube, Nernst's Festchrift, 46, 1912 ; F. Pollitzer, Die 
Berechnung chemischer AJJinitSten nach dem Nemstschen Warmetheorem, Stuttgart, 79, 1912 ; H. le 
Chatelier, Recherches expirimentaks et tMoriques sur Its Iquilibres chimiques, Paris, 1888; Ann. 
Mines, (8), 13, 157, 1888; P. Farup, Zeit. anorg. Chem., 50. 276, 1906; K. Jellinek and 
A. Diethelm, ib., 124. 203, 1922. r 

' • H. St. C. Deville, Compt. Rend., 56. 195, 729, 1863 ; 59. 873, 1864 ; Bdl. Soc. Chim., (1), 5. 
120, 443, 1863 ; (2), 3. 9, 366, 1865 ; (2), 5. 104, 1866 ; F. Haber, Thermodynamik technischen 
Gasreakiionen, Miinohen, 139, 1905 ; London, 315, 1908 ; F. Haber and A. Moser, Zeit. EUktro - 
11. 593, 1905 ; M. Pier, ib., 16. 897, 1910 ; W. Nernst., ib., 9. 625, 1903 ; A. Schelert, 
Dissociation der Qase, Kniga, 25, 1922 ; W. Nernst and H. von Wartenberg, Gdtt. Nachr., 1, 1905 ; 
Zeit. phys. Chem., 66. 548, 1906; H. von Wartenberg, 56. 626, 1906; F. Haber and R. le 
Roaaignol, tb., 66. 181, 1909; O. Hahn, ib., 44. 546, 1903; N. Bjerram, ib., 79. 537, 1912; 
I. Langmuir', Joum. Amer. Chem. Soc., 28 . 1357, 1906 ; L. LSwenstein, Beitrdge zur Messung von 
'iDissomationen bei hohen Temperaturen, Gottingen, 1905; Zeit. phys. Chem., 54. 707, 1906; 
H. le Chatelier, ib., 2. 782> 1888 ; Compt. Rend., 93. 1014, 1881 ; 104, 1789, 1887 ; Ann. Mines, 
(8), 4. 624, 1883 ; H. le Chatelier and E. Mallard, ib., (8), 13. 274, 1888 ; F. Emich, Monatsh 26. 
505, 1101, 1905; F. Pollitzer, Die Berechnung chemischer AJfinitdten nach dem Nemstschen 



CARBON 821 

Wdrmetheonm, Stuttgart, 80, 1912; R. Bunsen, Pogg . An*. t 181. 161, 1867; E.MsUwdaad 
H. le Chatelier, Cornpt. Rend ., 63. 1014, 1881 ; M. Berthelot, ib., 140. 906, 1905 ; A. Jaauerod 
and F. L. Perrot, ib., 140. 1542, 1905; J. M. Crafts, ib., 90. 309, 1880; Amer. Chen. Joum., 
2. 98, 1880 ; J. E. Trevor and F. L. Kortright, ib., 16. 611, 1895 ; H. B. Dixon and H. F. Lowe, 
Joum. Chem. Soc., 47. 571, 1885; Chem. News, 51. 309, 1885; C. Langer and V. Meyer, 
Pyrochemische Untersuehvngen, Braunschweig, 1885. 


§ 11. The Chemical Properties of Carbon 

Carbon, like nitrogen, is chemically inert at ordinary temp., but at high temp, 
it becomes one of the most active elements ; for instance, it will displace oxygen 
from its combinations with various metals. With the exception of fluorine, and 
possibly under special conditions, oxygen, J. Thomsen 1 was right in saying that 
carbon does not unite with other elements at ordinary temp. When compounds 
are formed at higher temp., the products are usually very Btable, and do not 
readily react or unite with other compounds. As R. Schenck and W. Peller 
showed, amorphous carbon in general is a more energetic reducing agent than 
graphite. He also inferred from the vap. press, that the diamond is moro 
reactive than graphite, but the inference is open to doubt, for H. Moissan 
showed that the higher the temp, of formation, the less reactive is the product. 
R. Schenck and W. Heller added that for any given temp, in a blast-furnace 
worked with wood-charcoal the composition of the gaseous mixture will be 
different (richer in carbon monoxide) from the gaseous mixture of a furnace worked 
with coke (which is allied to graphite). H. N. Warren said that the reactivity of 
graphite obtained from a soln. of carbon in the metals varies with the nature of the 
metal from which it has been formed. Thus, that from chromium is less reactive 
than that from iron, nickel, or cobalt. 

A. Morren 2 could not detect the slightest change in weight by heating a diamond 
white hot in an atm. of hydrogen. E. H. von Baumhauer noted a change in colour 
with green and brown diamonds, but the colour of other varieties and the trans- 
lucency were not affected. H. Moissan also observed no change in weight when 
Cape diamonds were heated to 1200° in hydrogen. In a paper: Formation par 
synthase, au moyen de la pile, d } un carbure d’hydroycn , C. Morren observed that 
hydrogen can be made to unite directly with carbon. M. Berthelot added that 
the union does not occur if the sparks are derived from an induction coil, but 
acetylene is formed with an electric arc in hydrogen. He also stated that no 
appreciable combination occurred when carbon is heated in hydrogen up to the 
temp, at which porcelain softens. He also noted the reverse action in that 
acetylene, methane, and naphthalene were decomposed into carbon and hydrogen 
whep heated to 1400° in quartz tubes. W. A. Bone and J. C. Cain heated sugar 
charcoal in hydrogen at a white heat and obtained methane. W. A. Bdnc and 
D. S. Jerdan observed the formation of no acetylene or other unsaturated hydrocar- 
bon, but found that at 1200° between one and two per cent, of methane is produced. 
Larger results showed that the gases are generated in definite proportions until 
equilibrium is attained when the hydrogen contains 7 to 8 per cent, of acetylene, 1*25 
per cent, of methane, and 0*75 per cent, of etl!ane. J. N. Pring and R. S. Hutton 
found that at 1700°, traces of acetylene are formed a*id the proportion of that £gs 
increases as the temp, rises to 2800°. The amount of methane upwards of 1000 is 
very small, and appears to be smaller the higher the degree of purity of the carbon. 
A part of the gas is decomposed by the hot walls of the tube. J. N. Pring said that 
above 1100° carbon unites directly with hydrogen, but the velocity of the reaotion at 
1200° is very slow ; about 0*35 per cent, is formed in 22 hrs. ; and at 1500°, 0*17 per 
cent, was formed in 2 hrs. The reaction is accelerated by platinum, so that at 1200° , 
0*55 per cent, was formed, and at 1500°, 30 per cent., and W . A. Bone and H. F. Coward# 
found that at 1150° a mixture of 0 03 grm. of carbon with platinum gave a 95 per 
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cent, conversion into methane in 17 to 20 hrs. J. Sand and co-workers, and 
H. von Wartenberg have studied the statics and dynamics of these reactions. 

According to W. A. Bone and D. S. Jerdan, when, by means of an alternating 
current at 160 volts, sparks are passed between carbon electrodes in hydrogen, for 
half an hour, a mixture of hydrogen with 1*51 per cent, hydrogen cyanide, 9*85 per 
cent, of acetylene and ethylene, and 2 46 per cent, of methane was obtained; and 
with the press, at 40 to 60 volts, the hydrogen contained 1*00 per cent, hydrogen 
cyanide ; 8*08 per cent, acetylene and ethylene, and 1*62 per cent, of methane. 
The formation of hydrogen cyanide was attributed to the presence of a little nitrogen 
in the hydrogen. The rate of formation of the hydrocarbons is at first very great, 
and equilibrium is attained in about an hour. 

The equilibrium conditions of the exothermal reaction C-f-2H 2 ^CH 4 were 
studied by M. Mayer, V. Altmayer, J. N. Pring, and D. M. Fairlie. M. Mayer and 
V. Altmayer worked between 475° and 625°, using nickel as catalyst. They found 
at one atm. press. : 

475 ° 500 ° 550 ° 600 ° « 25 ° 

Vol per cent. CH 4 . 09*80 62*53 46*69 31*68 24*75 

J. N. Pring and D. M. Fairlie worked between 1000° and 1700° at press, between 
7 and 200 atm, The condition of equilibrium is [CH 4 ]=A r |H 2 ] 2 , and they found at 

1200 ° 1275 ° 1300 ° 1450 ° 1500 ° 1575 ° 

K . . 0*00244 0*00140 0 00136 0*00091 0*00078 0*00062 

H. von Wartenberg gave generally for the hydrocarbon reaction mC-f-JwH 2 
cals., where [C OT H„]=A'[H 2 ]' W ; and log K— QT~ l — (4N-1)1‘75 
log T— (0 8w— 3). From the heat of formation of methane Q=18,900,log A=9*3 ; 
for ethylene, Q— 23,000, and log A=6*5 ; and for butylene, Q=35,000, and 
log K~ 3 2. For the reaction 2C-fH 2 ^C 2 H 2 , log A r =— 8750T“ J -j-P6. At 
T=2000°, log K— 2*8. This corresponds with about 0*1 vol. per cent, of acetylene 
in the hydrogen at one atm. press. 

M. Mayer and V. Altmayer found that carbon is rapidly hydrogenized to methane 
when treated with calcium hydride. The action of oxygen and of water on carbon 
has been discussed in a preceding section. B. L. Vanzetti showed that the so- 
called carbon hydrate obtained from metal carbides by dissolving away the metal, 
is really carbon with* adsorbed water. G. Lemoine 3 and others have noticed 
that hydrogen dioxide ( q.v .) at ordinary temp, is rapidly decomposed by wood 
charcoal ; and J. B. Firth and F. S. Watson studied the effect of different kinds of 
carbon. 

According to H. Moissan, 4 fluorine and carbon combine with great energy even 
at the ordinary temp. Lampblack, purified and dried, immediately becomes in- 
candescent ; wood charcoal takes fire spontaneously, with the projection of brilliant 
sparks v Denser forms of carbon must be heated to 50° or 100° before they.wiil 
becomo incandescent. Ferruginous graphite from cast iron unites with fluorine 
below a dull red heat ; Ceylon gTaphite, purified by fusion with potash, requires to 
be heated to a somewhat higher temp. ; gas carbon burns in fluorine only at a red 
heat ; the diamond is not affected when heated to redness in a current of fluorine. 
The products are gaseous, afid are usually mixtures of different, carbon fluorides. 
The action of fluorine on an excess of one of the lighter forms of carbon, care being 
taken that the temp, does not* rise very high, yields a colourless gas— carbon tetra- 
fluoride, CF 4 . The atfiion of fluorine on carbon at a red heat yields a gaseous carbon 
fluoride which is not decomposed by electric sparks, is not absorbed by aq. or 
alcoholic potash, is almost insoluble in water, but dissolves in alcohol. A small 
quantity of a solid product is obtained at the same time. Both J. L. Gay Lussac 
and L. J. Th4nard found that if charcoal be freed from hydrogen and moisture, by 
ignition in vacuo, it does not combine with chlorine even at a white heat. However, 
If an electric arc be formed between carbon rods in an atmosphere of carbon tetra- 
chloride, the latter is rapidly decomposed into its elements ; if the arc be maintained 
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in an atmosphere of chlorine, crystals of hexachlorobenzene, C 6 Cl tt , are formed, 
showing that carbon can unite directly with chlorine. According to W. G. Mixter, 
hydraulically-compressed sugar charcoal containing 0*13 per cent, of hydrogen and 
0*04 per cent, of ash absorbs 4 per cent, of chlorine at a red heat, and does not give 
it up in a vacuum at that temp. The chlorine cannot be displaced by nitrogen, but 
can be removed by hydrogen . At the ordinary temp. , little or no chlorine is absorbed. 
Lampblack absorbs more phlorine, and both charcoal and lampblack loso it at the 
temp, at which porcelain softens. Chlorine seems to act with most energy on those 
forms of carbon which are contaminated with hydrogen. The form in which it is 
combined is uncertain ; nothing is extracted from the product by chloroform, 
benzene, alcohol, or ether. H. Moissan said that dry chlorine does not act on the 
diamond at 1100°-1200°, and some Cape diamonds changed neither in weight nor 
colour by the treatment. H. L. F. Melsens took advantage of the great adsorption 
of chlorine by charcoal to prepare liquid chlorine. The charcoal sat. with adsorbed 
chlorine is used like the chlorine hydrate in Faraday’s experiment ( 2 . 17, 10). 
W. G. Mixter noted that when charcoal, sat. with adsorbed chlorine, is burnt, a carbon 
chloridp is formed. He found that when hydrogen is passed over purified wood 
charcoal sat. with chlorine, hydrogen chloride is formed and thero is a reduction 
of temp. M. Berthelot and A. Guntz found the adsorption of 35*5 grms, of chlorine 
by purified charcoal develops 6*78 cals., a quantity double the heat of volatilization 
of liquid bromine and iodine, but much below the heat of formation of hydrogen 
chloride. In the formation of hydrogen chloride by passing hydrogen over charcoal 
sat. with chlorine, about seven times as large a vol. of chlorine is given off unchanged 
as the vol. of hydrogen chloride produced. R. Lorenz found that when a mixture 
of steam and chlorine is passed over charcoal at a dull red heat, hydrochloric acid is 
quantitatively formed, H 2 0+C1 2 +C=2HC1-1-C0 ; but, according to A. JJaumann 
and F. G. Mudford, this is not the primary reaction, for with an excess of steam, the 
reaction is probably 2H 2 0 {- 2C1 2 4-C=4HCI+C0 2 , and the carbon dioxide is subse- 
quently reduced to carbon monoxide. C. Willgerodt said that charcoal does not 
act as a carrier of chlorine to benzene. M. Berthelot found that dry chlorine unites 
with carbon when an electric arc with carbon electrodes is formed in the gas ; and 
W. von Bolton so produced ethane hexachloride, C 2 Clg, and hexachlorobenztene, 
CqCIq. W. G. Mixter said that sugar charcoal and lampblack adsorb less bromine 
than chlorine ; and when heated in vacuo, 0*26 to 1*49 per cent, of bromine is 
retained by the charcoal. The direct union of bromine and carbon has not been 
recorded. W. G. Mixter found that sugar charcoal and lampblack adsorb iodine 
in the same way as is the case with bromine. H. Davy said that when the electric 
discharge from carbon electrodes is passed through iodine vapour no chemical 
change occurs. At first, white fumes appear, and this is attributed to the action 
of moisture or hydrogen adsorbed by the charcoal ; for the fumes soon \5ease, and 
when the tube is cooled the iodine appears to be unaltered. 

H. Moissan found that the diamond is not attacked by hydrofluoric acid lit 1100°- 
1200°. According to A. Bartoli and G. Papasogli, when wood charcoal or gas- 
retort carbon, after purification by chlorine, is used as the positive electrode in the 
electrolysis of aq. hydrofluoric acid, it is partly disaggregated, swelling up in the 
immersed part, and becoming so brittle that after while it splits up by its own 
weight into rather large fragments, whereat the carbon at the negative electrode 
remains quite unaltered. On repeatedly washing the altered carbon until the wish- 
water is no longer acid, then drying it at 100°, reducing ifc to impalpable powder, 
repeatedly boiling it with hydrochloric acid, and once more thoroughly washing it 
with water, it exhibits the following properties : (i) It dissolves partially, giving a 
dark red colour, in strong sulphuric acid, (ii) It is attacked by a hot soln. of sodium 
hypochlorite, yielding sodium fluoride, mejlic acid, and the usual derivatives of the 
latter, (iii) In addition to carbon, hydrogen, and oxygen, it contains fluorine, amount- 
ing to about 3 per cent, of the disaggregated carbon, and not due to electrolysis af 
mineral matter, inasmuch as the carbon used in the experiment did not yield on 
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ignition any perceptible quantity of ash. When graphite is employed as positive 
electrode in the electrolysis of strong 8^. hydrofluoric acid, the immersed portion 
swells up, beoomesu-pappy find quickly disintegrates ; and the disintegrated portion 
purified in the manner above described, forms a black powder, which swells up 
considerably when heated, is insoluble in all solvents, and contains carbon, oxygen, 
hydrogen, and fluorine. According to H. Debray and E. Pechard, when hydro- 
chloric acid is electrolyzed with carbon electrodes, the £as evolved at the positive 
pole is a mixture of chlorine, carbon dioxide, and oxygen. The positive electrode is 
disintegrated and forms a black powder, which, after being washed and dried in 
vacuo, deflagrates below a red heat, giving off carbon monoxide and dioxide. The 
amount of oxygen in the product varies with the cone, of the acid. No soluble 
organic compound is formed. G. Gore said that wood charcoal is not changed by 
liquid hydrogen fluoride or chloride. W. G. Mixter found that after charcoal has 
been ignited in hydrogen chloride, it retains O’ 26 per cent, of chlorine. M. Berthelot 
found that neither purified wood charcoal nor graphite is attacked by hydriodic 
acid. According to G. Gore, silver fluoride is not affected when heated with carbon, 
but in the presence of chlorine, silver chloride is formed ; similarly, in a graphite 
containing vessel, silver fluoride is converted into the bromide or iodide when 
heated in the presence of bromine or iodine — a volatile carbon fluoride is formed. 
J. L. Gay Lussac and L. J. Thenard found that the fire-resisting chlorides mixed 
with carbon are not decomposed when heated, unless water be present ; in that case, 
mercuric and silver chlorides may form carbon monoxide or dioxide, hydrogen 
chloride and the metal. F. Feigl found that charcoal exerts an oxidizing action 
when boiled with many soln.— e.g. potassium iodide is oxidized to iodine, and in 
alkaline soln. to the iodate. According to W. Skey, any surface of graphite, native 
or artificial, which has been for some time exposed to the air, liberates iodine from a 
soln. of potassium iodide in dil. sulphuric acid. The graphite, which can thus 
liberate iodine, loses this property when washed in ammoniacal or other alkaline 
soln. ; also when ignited. This property of liberating iodine is restored to such 
graphite by a short exposure of it to the air, or by evolving nascent hydrogen against 
it ; also by digesting it for a little while with hydrochloric or dil. sulphuric acid, 
either at a common temp, or at the b.p. of these acids respectively. Graphite, which 
thus liberates iodine, also rapidly determines a chemical effect upon mercury, when 
voltaically paired with it in pure hydrochloric acid, mercurous chloride being formed. 
Charcoal does not, even freshly prepared, notably liberate iodine ; but it can be 
made to do so by digesting it with an acid, the effect of which is perhaps due to its 
removing all alkaline matters therefrom, and thus enabling the charcoal to retain 
rhe oxidizing agent necessary for effecting the liberation in view. When graphite, 
which ha's been exposed to the air, is voltaically connected in sea-water with graphite 
just recently ignited, electric currents are generated ; graphite which has been 
desulphurized also generates electric currents when connected in this manner with 
any conducting sulphide in a soln. of an alkaline sulphide. 

A. J. Balard found that there is an immediate detonation when charcoal is added 
to chlorine monoxide, C1 2 0, but the gas obtained is a mixture of oxygen and chlorine 
and contains but little carbon dioxide ; and he added, “ I believe that the decom- 
position is effected less by the affinity of carbon for oxygen, than by the heat which is 
developed by the adsorption of the ga& in the pores of the charcoal.” P. Schtitzen- 
berger made some observations*^ this reaction. A. J. Balard said that charcoal 
did not appear to exert any action on hypochlorous add. A. Bartoli and 
G. Papasogli found carbon dioxide among the products of the action of sodium 
hypochlorite on lignite. For the action of mixtures of alkali chlorates and acids, 
vide infra. H. Moissan said molten potassium chlorate does not act on the diamond. 
According to A. Ditte, when iodine pentoxide is warmed with charcoal, the reduction 
is accompanied by detonation ; charcoal has no action on a boiling aq. soln. of iodic 
add. At ordinary press., but in a sealed tube, the different varieties of carbon are 
attacked at different temp., thus, iodine and carbon dioxide are produced at 160° 
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with wood charcoal ; at 180° with sugar charcoal, gas carbon, coal, and coke ; and 
at 210°, with anthracite. Graphite is attacked with difficulty at 210° ; but the 
diamond is not attacked at 260°. H. Moissan said that graphite separated from a 
soln. of carbon in platinum is readily attacked by iodic acid, giving off iodine vap. 
and carbon dioxide. J. L. Gay Lussac said that the iodates detonate on red-hot 
carbon. G. Lemoine also found that the separation of iodine from iodic acid is 
facilitated in the presence of cjiarcoal. 

W. Spring 6 observed no signs of the formation of carbon sulphide by subjecting 
a mixture of powdered carbon and sulphur to great press. F. Clement and 
J. B. Dfoormes also found that sulphur could be evaporated from a mixture of the 
two elements provided a certain temp, be not attained ; when sulphur vapour is 
passed over red-hot carbon, a reaction occurs and carbon disulphide is formed. 
The reaction was. studied by C. Brunner, G. J. Mulder, A. Schrotter, T. Sidot, 
G. C. Wittstein, etc. — vide infra. A. G. Doroshewsky and G. S. Paffoff studied the 
catalytic effect of carbon on the oxidation of sulphur. According to W. G. Mixtor, 
charcoal adsorbs sulphur when heated to redness in sulphur vapour, or carbon 
disulphide. The sulphur is entirely removed by hydrogen, and is virtually all 
given up at a red heat. Filter paper soaked in carbon disulphide, and heated 
ip sulphur vap., adsorbs nearly its own weight of the latter, and the product 
does not give up sulphur to carbon disulphide, or to a boiling aq. soln. of 
potassium hydroxide. According to H. Moissan, sulphur vapour begins to attack 
the diamond at about 1000° ; while with black diamonds, the attack begins at 
about 900°. S. Bidwell discussed the influence of temp, on intimate mixtures 
of sulphur and graphite. B. Rathke, and A. von Bartal made carbon selenide, 
and M. Shimos^, carbon telluride, respectively by the action of selenium and 
tellurium or of their compounds, on carbon. W. A. Lampadius noted that carbon 
disulphide is formed when a pyritiferous coal is distilled ; and F. Cl^mefft and 
J. B. D&ormes observed carbon disulphide is produced when carbon is heated with 
many metal sulphides. F. Feigl found a soln. of an alkali sulphide is oxidized to 
sulphate when boiled with a little charcoal and in alkaline soln., the copper 
sulphides are oxidized to sulphate ; and cobalt sulphide to sulphate. M. Houdard 
studied the solubility of the diamond in molten manganese sulphide. « 

F. Feigl found that a soln. of hydrogen sulphide is oxidized to sulphuric acid 
when boiled with charcoal. G. Gore found carbon to be insoluble in liquid sulphur 
Chloride. Purified charcoal was found by M. Berthelot to react with sulphur 
dioxide at a red heat, forming carbon monoxide, carbonyl sulphide, carbon disulphide, 
and a little free sulphur. B. Lepsius said that when charcoal is heated electrically 
to a white heat in this gas, carbon monoxide is formed and also some sulphur ; 
A. Eiboart said that carbon dioxide and sulphur are slowly formed ; and A!Scheurer- 
Kestner represented the reaction by the equation : 2 S 0 2 + 3 C= 2 C 0 -fCQ < -f- 2 S. 
F. Feigl found that alkali sulphites are oxidized when boiled with charcoal in 
alkaline soln. G. Tolomei said that carbon is attacked by sulphuric acid? only 
when impurities are present. M. Berthelot stated that purified wood charcoal is 
not attacked by cold sulphuric acid, but at 100°, small quantities of sulphur and 
carbon dioxides are formed ; purified graphite gives no gas at 100°, but the 
acid acquires a brown tinge. H. Moissan observed no reaction at the b.p. when 
sulphuric acid is mixed with graphite which has separated from a soln. of carbon 
in iron. According to A. Verneuil, when wood chvcoal is heated with cone, 
sulphuric acid, the residue in the flask contains, among othej things, mellitic ad& 
and benzene pentacarboxylic add : 

1400 grins. of ordinary sulphuric acid were heated with 100 grraa. of carbon, the process 
being continued until only from 90 to 100 grins, of residue remained in the flask. The temp, 
of the reaction was about 280°, but rose towards the end to about 300°, a rapid evolution of 
gas being maintained in order to ensure that the water formed was expelled with the carbon 
and sulphur dioxides. When the residue is treated with water, a dark brown soln. is formed, 
and' a black, insoluble coagulum remains, showing no trace of the original structure pf the 
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charcoal. It is soluble in alkalies and in cone, sulphuric acid, and is under investigation. 
The strongly acid soln. is mixed with just sufficient barium chloride to precipitate the 
sulphuric acid, filtered, and evaporated to dryness, when a brown, amorphous, strongly acid 
residue is left, equal in weight to about 20 per cent, of the original carbon. When this 
residue is dissolved in water, sat. with ammonia, filtered and cone., ammonium mellitate 
separates in quantity equal to about 4 per cent, of the original carbon. The mother liquor 
is evaporated with a slight excess of barium hydroxide, and the barium salts are dissolved 
in hydrochloric acid, and fractionally precipitated with barium hydroxide soln. The first 
fraction carries down most of the colouring matter, whilst the next fraction is crystalline, 
and consists of barium benzenepentacarboxylate, which can bo recrystallized from hydro- 
chloric acid in the form of an acid salt. 

E. Philippi and co-workers described the preparation of pyromellitic acid by the 
action of sulphuric acid on wood charcoal. According to H. Giraud, during the 
preparation of sulphur dioxide from charcoal and sulphuric acid,*a white crystalline 
sublimate occasionally forms in the neck of the flask, and may be obtained in 
quantity by using excess of charcoal and carrying on the action until gas ceases to 
be evolved. After purification and recrysfcallization from alcohol, this substance 
forms small, colourless, efflorescent crystals, which, on sublimation, are transformed 
into a substance crystallizing in long needles and melting at 280°, and which is 
probably 'pyromellitic anhydride. H. Debray and E. Pechard found that when 
sulphuric acid is electrolyzed with carbon electrodes, a mixture of carbon dioxide 
and oxygen is evolved. The positive electrode is disintegrated, and the black 
powder which is formed, when washed and dried in vacuo, deflagrates at a temp, 
below red heat, evolving carbon monoxide and dioxide. A. Bartoli and 
G. Papasogli obtained a mixture of oxygen, carbon monoxide, and dioxide at the 
anode during the electrolysis of dil. sulphuric acid with graphite electrodes. By 
suitable alteration in the cone, of the acid, the temp., and the current density, 
A. Cofhn succeeded in carrying out the electrolysis in such a manner that carbon 
monoxide and carbon dioxide were almost alone produced at the anode. The 
gaseous mixture contained 70 per cent, carbon dioxide, about 30 per cent, carbon 
monoxide, and 1 per cent, of oxygen. At low temp., a disintegration of the anode 
takes place, and suspended particles of carbon find their way into the acid. At 
high temp., carbon dissolves in the acid, the soln. being coloured from yellow to 
reddish-brown. If the soln. thus formed is electrolyzed, using a platinum cathode, a 
deposit of carbon is obtained, at first as a thin, coloured film and then as a graphitic 
deposit. The soln. reduces Folding’s soln. and probably contains carbohydrates. 
In reversal of the above process, a cell was formed by means of a lead peroxide plate 
and a carbon electrode, in which, working under the conditions previously main- 
tained, the carbon acts as the soluble electrode. This gave P03 volts with an 
external Resistance of 100 ohms, and yielded a constant current until the lead 
peroxide plate was exhausted. E. Vogel said that the electrolytic dissolution of 
carbon is very improbable, since carbon separates from carbon compounds not as a 
cation, but rather as an integral part of the cation. K. Heumann and P. Kochlin 
found that powdered freshly calcined charcoal develops much sulphur and carbon 
dioxides when heated with chlorosulphuric acid, S0 2 .C1(0H), but no carbonyl 
sulphide is formed. 

M. Berthelot studied the reduction of sulphates by purified carbon ( vide 2. 20, 29), 
and showed that the end-state with potassium sulphate can be represented by 
K 2 S0 4 4-2C— K 2 S4-2C0 2 , if % the carbon is not present in too great an excess. 

Mactear represented the reactions with sodium sulphate and an excess of carbon 
below a red heat: Na 2 S0 4 -f 4C=Na 2 S+4CO ; and at 1150°-1300° : 3Na 2 S0 4 -f 6C 
—Na^Oa+Na^-f NajS-f 4C0 2 +C0. He added that potassium sulphate behaves 
similarly but at a lower temp. A. Scheurer-Kestner represented the reaction in 
the presence of silica : 3Na2S0 4 -f 3Si0 2 -f 5 C= 3 S+ 4 C 0 2 +C 0 -F 3Na 2 Si0 3 . These 
equations, it must be observed, involve some guess-work. E. Kunheim studied 
the action of mixtures of carbon with an alkaline earth, cerium, thorium, m a gnes iu m , 
al uminium , chromium, or manganese sulphate in the electric arc furnace. H. Moissan 
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found that molten potassium sulphate or hydrosulphate does not attack the diamond ; 
and the subject has been further studied by M. C. Schuyteu. H. Moissan found that 
calcium sulphate is not reduced by the diamond at 1000°. 0. Boudouard found 
that a mixture of carbon and barium sulphate at 800° gives 82 per cent, of carbon 
monoxide and 17*1 per cent, of carbon dioxide. *J. J. Berzelius found that mixtures 
of carbon and selenites furnish carbon monoxide and dioxide without detonation, 
and either a selenide or selenium is formed. The alkali selenites, said B. Rathke, . 
give mostly polyselenides and very little monoselcnide. E. Mitscherlich found that 
the selenates detonate on red-hot carbon and the smell of selenium can be detected. 
F. Feigl found that sodium thiosulphate in alkaline or neutral soln. is not affected 
by boiling with charcoal. 

Aceording to M. Berthelot, 6 neither the diamond nor graphite is altered when 
heated in nitrogen. He also found that charcoal free from hydrogen docs not reaot 
• witK nitrogen either under the influence of an electric spark, or in the electric arc ; 
but if the charcoal is associated with hydrogen, or if hydrogen or water vapour are 
present, then acetylene is produced, and this reacts with the nitrogen, forming 
hydrogen cyanide — vide supra. If the carbon contains alkalies or alkaline earths, 
then cyanides are produced. According to W. G. Mixter, nitrogen is not taken up 
when carbon is heated in nitrogen, but lampblack, sugar charcoal, and blood 
charcoal may retain nitrogen very tenaciously if they are heated in ammonia or 
nitrous oxide, and these gases are decomposed. The nitrogen is probably retained 
by the charcoal in the form of cyanogen, since that substance is adsorbed readily 
by charcoal at a red heat, and yields a product which, like those obtained by the 
direct action of nitrogen, furnishes ammonia when heated with steam. No para- 
cyanogen appears to be retained. W. Hcmpel also found that the simultaneous 
combustion of nitrogen and oxygen in the presence of carbon furnishes considerable 
quantities of nitric acid. According to L. Clouet, when carbon is heated with 
ammonia, ammonium cyanide and hydrogen are formed : 2 NH 3 d-C=H 2 +NH 4 CN. 
The reaction was also discussed by M. Bonjour, C. Langlois, and W. G. Mixter. 
F. Kuhlmann said that some methane is also formed, but this was denied by 0. Welt- 
zien. H. Davy investigated the action of heated carbon on nitrous oxide ; he said 
that combustion proceeds more vigorously than in air, so that one vol. of nitrqjis 
oxide yields one vol. of nitrogen and half a vol. of carbon dioxide. W. G. Mixter 
made analogous observations. J. Dalton also found that heated carbon burns more 
vigorously in nitric oxide than it does in air, forming half a vol. of nitrogen and half 
a vol. of carbon dioxide. P. L. Dulong noted that red-hot carbon burns in nitrogen 
tetroxide with a red flame. C. F. Schdnbeiu discussed the action of this gas on 
carbon. R. Weber reported that nitrogen pentoxide has no action on carbon. 
F. Feigl found that sodium nitrate in alkaline soln. is not affected whetrboilpd with 
charcoal. According to H. Debray and E. Pochard, when nitrous acid is eleQjjjolyzed 
with carbon electrodes, the gas evolved at the positive pole is a mixture of nitrogen 
oxides and carbon dioxide. The positive pole disintegrates, and furnishes & black 
powder, which, after being washed and dried in vacuo, deflagrates at a temp, below 
a red heat with the evolution of carbon monoxide and dioxide. The amount of 
water and oxygen in the product varies with the cone, of the acid. W. G. Mixter 
said that charcoal adsorbs nitrogen from nitrous and nitric oxides. E. Philippi and 
co-workers investigated the action of nitric acid on carbon. 

According to C. F. Schonbein, 7 red-hot carbon bpms vigorously in cone, nitric 
acid, and powdered carbon decomposes the acid in the cold— nitrogen peroxide fi^e 
from carbon dioxide is evolved. H. Moissan found that amorphous carbon at 
ordinary temp, and press, is oxidized by nitric acid ; and A. Scott showed that 
nitric acid and wood charcoal give a black substance easily soluble in water, alcohol, 
and ether. It contains over 30 per cent, of^ carbon ; 2 or 3 per cent, of hydrogen ; 
and some nitrogen ; it combines with alkalies, and the soln. gives a precipitate with 
most metal salts, and with hydrochloric or nitric acid. G. Dickson and T. H. Easter- # 
field found that well-burnt wood charcoal reacts readily with fummg nitric acid, and 
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there is a considerable rise of temp. If wood charcoal be boiled for 24 hrs. with 
fuming nitric acid, it passes completely into soln,, and when diluted with water, a 
black amorphous substance resembling mellogen is precipitated while mellitic acid 
and non-crystallizable acids remain in soln. Nitric acid of sp. gr. 1*1 can oxidize 
well-burnt wood charcoal, and when the mixture is boiled for 7 days, it forms a black 
mud which is soluble in alkalies. The acid soln. contains mellitic acid, but no 
oxalic acid. Coal under similar conditions gives a small yield of mellitic acid. 
F. B. Burls and co-workers noted that when carbon and certain carbon compounds — 
cane sugar, caramel, etc. — are heated with dil. nitric acid, some hydrogen cyanide is 
evolved. They suggest that nitrous acid is first formed : 2HN0 3 -f-C=C0 2 -}-2HN0 2 , 
and it is this which reacts with the carbon : HN0 2 -f 2C=C0 2 -f HCN. 

According to R. J. Friswell, when bituminous coal is treated with 49 per cent, 
nitric acid the mass becomes warm, and dense red fumes are given off. When the 
deep brown liquid is filtered from the unchanged coal, and acidified with hydrochloric 
acid, it furnishes a deep brown, flocculent precipitate. The precipitate is colloidal 
and peptizes as the salts and acids are removed by washing. 

When washed and dried at 100°, it forms a black friable mass, showing bright 
conchoidal fractures. If heated on platinum foil it puffs, swells slightly, and leaves 
a residue of carbon rather more bulky than its original mass, and almost as brilliantly 
black. The puffing is very like that of a nitro-compound with a very high carbon 
ratio ; attempts to reduce it with zinc dust and caustic soda and with sodium 
amalgam have hitherto failed, and so have similar attempts with acid-reducing 
mixtures. The presence of nitrogen is indicated in the usual manner on heating it 
with sodium ; on submitting it to dry distillation with zinc dust, hydrogen and 
cyanogen are evolved, and a small aq. distillate, smelling of ammonia and faintly 
of pyridine, and containing a very large quantity of hydrocyanic acid, is also 
obtain&l. 

L. Carius oxidized graphite by mixing it with nitric acid, sp. gr. 1*5, and heating 
it in a sealed tubo to 250°-260°, and keeping the temp, at 300°-330° for 1-2 hrs. 
W. Luzi’s and H. Moissan’s observations on the action of nitric acid on the different 
forms of graphite have been previously described. F. C. G. Miiller showed that 
w^en wood charcoal is heated in the vapour of nitric acid above 1000 °, the issuing 
gases consist of 52*2—57*2 per cent. C0 2 ; 13*3-14-7 per cent. CO ; 3*4~4*6 per cent. 
H 2 ; 24*9-26*7 per cent. N 2 . 

P. Schafhautl, and later R. F. Marchand, noted the formation of a peculiar sub- 
stance when graphite is treated with oxidizing agents. This product was then studied 
by B. C. Brodie, J. Gottschalk, M. Berthelot, etc. B. C. Brodie found that when 
graphite is heated with a mixture of nitric acid and potassium chlorate, it increases in 
weight, and‘what he called graphitic acid is formed. To this he assigned the formula, 
C 11 H 4 O 5 . He prepared this product in yellow plates by treating an intimate 
mixture of one part of purified graphite and three parts of potassium chlorate, with 
sufficient cone, nitric acid to make a liquid mass. The solid residue remaining after 
the mixture has been heated 3-4 days on a water-bath, is washed with water and 
dried at 100°. Four or five repetitions of the treatment are needed to ensure the 
conversion of all the graphite to graphitic acid. H. Moissan’s modification of this 
process has been previously described ; and T. Gottschalk stated that five successive 
treatments were needed to oxidize graphite completely to graphitic acid by the action 
of fuming nitric acid of sp. gr. 1*525, and potassium chlorate ; and he added that 
the graphite passes through successive stages of oxidation, forming, after three 
operations, a grass-green substance which is readily oxidized to graphitic acid by 
heating on a water-bath with a soln. of potassium permanganate and dil. sulphuric 
aoid. L. Staudenmaier claimed that graphitic acid can be prepared in considerable 
quantity, in a comparatively short time (24 to' 48 hrs.), and without danger of 
explosion by the following process : - 

1 Very finely divided graphite (25 grms.) is stirred into a mixture of eono. sulphuric acid 
(1 litre) and nitric aoid of sp. gr. 1*4 (} litre), and, at intervals, potassium chlorate is added 
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(about 450 grzna. in all). The mixture is kept at the ordinary temp., is well stirred after 
each addition of chlorate, and each portion of chlorate is added only after the gas-eyolution 
from the previous addition has completely ceased. When a sample treated with per- 
manganate and acid becomes of a pure yellow colour, the acids are thoroughly washed with 
cold water from the powder, which is then oxidized with permanganate. Any oxoess of 
permanganate is destroyed by hydrogen peroxide, and the resulting graphitic acid washed 
successively with dil. nitric acid, alcohol, and ether. 

F. S. Hyde also suggested modifications of the process. Ordinary charcoal 
when similarly treated is converted into a brown mass soluble in water, while the 
diamond is not attacked. M. Berthelot utilized these facts in devising a method for 
determining the proportions of amorphous carbon, graphite, and diamonds present 
in a mixture. G. Charpy found that permanganic or chromic acid oxidizes graphite 
to graphitic acid/ but the reaction readily proceeds too far. V. KohlschUtter and 
P. Haenni assumed that chlorine dioxide is the oxidizing agent in the mixture of 
potassium chlorate and nitric acid. A. Lang studied the oxidation of graphite with 
permanganic acid, and cone, sulphuric acid, fuming nitric acid, and potassium 
chlorate. According to B. C. Brodie, if lampblack sugar charcoal is heated with a 
mixture of 4 parts of sulphuric acid, and one of nitric acid, the carbon is rapidly 
oxidized to a black mass which is soluble in cone, acid, and is reprecipitated by water ; 
it is soluble in dil. acids, in salt soln., in water and in aq. alkali hydroxides. The 
reaction with graphite under similar conditions has been previously discussed. 

F. Gottschalk said that the composition of the end-product varies between 
CnH 4 0« and C 33 H 12 0 18 , according to the duration of the oxidation ; L. Balbiano, 
between C 13 H 4 0 7 and C 14 H 4 0 7 . M. Berthelot, W. Luzi, and H. Moissan found that 
different varieties of graphite furnish different oxidation products. The yellow 
flakes of graphitic acid do not possess a crystalline structure ; they have no effect on 
polarized light. The flakes are made up of an indefinitely large number of very thin 
plates of diameter 10 fifi to 50/x/x, and of ultra-microscopic thickness. The particles 
show the Brownian movement. According to P. Gaubert, graphitic acid is 
crystalline ; the optical character is negative ; and the index of refraction is 
1 ’93—2 00. V. Kohlschutter and P. Haenni have shown that the apparently 
crystalline particles of graphitic acid are not crystals, but pseudomorphs of the 
original graphite particles. After repeated washing with water, graphitic acid 
passes into a colloidal soln., which can be flocculated by dil. acids, and the pre- 
cipitated gel is peptized by water. The variously coloured graphitic acids differ 
merely in their degree of dispersity, the lighter coloured products, obtained 
by repeated oxidation, being more highly dispersed. It is not true, as was 
formerly supposed, that the colour of the graphitic acid depends on the sample of 
graphite from which it is made. 

F. A. J. Fitzgerald compared the rapidity of oxidation of E. G. Acheson’s graphite 
with Cingalese graphite when treated by* L. Staudenmaier’s process under like 
conditions. The latter variety was all converted into the yellow oxide aftbr five 
treatments, whereas Acheson’s graphite was not all oxidized after seven treatments. 

' This agrees with H. Moissan’s observations that the higher the temp, to which the 
graphite has been heated, the more resistance does it offer to attack by the oxidizing 
mixture. T. Hiibener, and* W. Luzi noted that besides graphitic acid, much mellitic 
acid is produced, and with potassium chlorate add fuming nitric acid, all the graphitic 
acid can be converted into mellitic acid. Observations have been made 
J. C. G. de Marignac, N. Fedoroff, A. Bartoli and G. Papasqgli, W. A. Selvig and 
W. C. Ratliff, M. Berthelot and P. Petit, P. and L. SchUtzenberger, E. Weinschenk, 
etc. Graphitic oxide is regarded as an organic compound derived directly from 
elementary carbon, a link as it were between organic and inorganic chemistry. In 
contrast with the general stability of graphite, graphitic oxide or acid— as *t is 
variously called — is peculiarly unstable, and B. C. Brodie found that it deflagrates at 
a temp. just below a red heat, and leaves a black, soot-like residue known as pyro- 
graphitic acid, C 22 H 2 0 4 — probably graphite. J. Stingl said that pyrographitic acid 
has marked decolorizing powers ; heating with sulphuric ^cid converts it into carbon. 
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According to M. Berthelot, when a mixture of one part of graphitic oxide and 80 parts 
of bydriodic acid, of sp. gr. 2 0, is heated to 280°, it forms an amorphous, insoluble, 
brown substance which he called hydrographitic acid. It passed back into graphitic 
oxide when treated with potassium chlorate and nitric acid. V. Kohlschiitter and 
P. Heanni showed that when heated or treated with reducing agents, graphitic acid 
is reduced to carbon. Heating experiments have shown that the gases evolved are 
water, carbon monoxide, and carbon dioxide, the ratio C0/C0 2 being greater tlie 
more slowly the heat is applied. The temp, at which the decomposition becomes 
explosive is also lower the slower the heating, and if the heating is very slow the 
decomposition may go quietly to completion without explosion. The black, 
voluminous residue consists of 99*7 per cent, carbon. It has all the properties of 
soot, but can be compressed into a mass very similar to graphite. .When the decom- 
position of the graphitic acid by heat takes place under press., the graphitic character 
of the residual carbon is more marked. By decomposing the graphitic acid under 
sulphuric acid at 160°-180°, a residue was obtained having properties intermediate 
between those of soot and graphite. Treatment of graphitic acid with reducing 
agents, such as ferrous or stannous salts, gave products with strongly marked 
graphitic properties, giving graphitic acid again when oxidized. These products, 
however, were contaminated with adsorbed iron or tin compounds, which were 
difficult to remove. L. Balbiano found that when graphitic oxide is heated under 
reduced press, it furnishes carbon monoxide, carbon dioxide, and water ; while at 
higher temp, the water vapour acts upon the carbon, and small amounts of hydrogen 
and methane are formed. By treating graphitic oxide with a soln. of hydroxylamine 
in a mixture of alcohol and water, a residue consisting only of graphite and water 
remaing. The general results of the work of S. Porcher, A. Bartoli and G. Papasogli, 
H. Moissan, J. Wiesner, E. Weinschenk, F. S. Hyde, G. B. Trener, H. lc Chatclier 
and S. Wologdine, and G. Charpy show that the modifications of carbon obtained 
by B. C. Brodie, W. Luzi, and M. Berthelot arc compounds, soln., or mixtures 
of carbon with other elements. G. A. Hulett and 0. A. Nelson found that on 
removing water from graphitic acid, the vap. press, drops continuously with no 
suggestion of a break, and concluded that graphitic acid is a colloidal oxide of carbon 
in which water is adsorbed on relatively large surfaces. The oxide is assumed to be 
of the order C 3 0 or C u 0 4 . L. Balbiano considered various graphitic acids to be 
adsorption products of graphite, water, carbon jnonoxide, and carbon dioxide. 
They have no acidic or quinonic functions, and he suggested they be called hydro- 
carboxygraphites. P. Debye and P. Scherrcr also said that the X-radiograms of 
graphitic a$id show that it is a mixturo and not a homogeneous chemical individual. 

H. Debray and E. Pechard found that in the electrolysis of nitric acid with 
graphit6 electrodes, similar phenomena were observed as with nitrous acid ; and 
A. Bartoli and G. Papasogli stated that with graphite electrodes, nitrogen-free 
graphitic acid is formed ; some carbon monoxide and dioxide are evolved ; and the 
soln. contains mellitic, pyromcllitic, and hydromellitic acids. C. F. Rammelsberg 
said that some graphites burn in contact with fused potassium nitrate, while other 
varieties are not attacked ; H. Moissan found that this treatment has no action on 
the graphite which separates from a soln. of carbon in molten platinum. A. Vogel 
said that if potassium nitrate be at a‘temp. a little above its fusion point, the carbon 
fria oxidized to carbon dioxide 5 and nitrogen, nitric oxide, and nitrogen trioxide are 
formed ; but if the temp, and the proportions of the constituents are suitable a 
mixture of potassium nitrite and carbonate is formed ; if the nitrate is in excess, only 
potassium nitrite is formed. H. Moissan said that molten potassium nitrite does 
not act on the diamond. J. Reiset and N. A. E. Millon said that ammonium nitrate 
detonates on red-hot carbon, and an explosion occurs when a mixture of that salt and 
carbon is heated to 170°. In the electrolysis of various salt soln. with wood charcoal 
*or retort carbon electrodes, A. Bartoli and G. Papasogli found the anode gradually 
disintegrates to a black powder of mellitic and hydromellitic acids, less gas than the 
theoretical amount is evolved, and the soln. acquires a brown colour, and an acidio 
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reaction ; with soln. of nitrates, phosphates, arsenates, and antimonates, meilogen 
is formed, and phospho-mellogen or stibio-mellogen. They also found that soln. 
of phosphoric, arsenic, and antimonic acids behave like the soln. of the salts. 
G. Gore found carbon to be insoluble in liquid phosphorus trichloride, or antimony 
pentachloride. 

According to II. M. Kahn, 8 fused alkaline earth carbides dissolve carbon, some 
of which separates as graphite dn cooling. The amount of carbon dissolved by the 
fused carbide increases with the intensity of the current employed in the furnace and 
also with the time of passage of the current when its intensity is kept constant. In 
an experiment in which a current of 500- 600 amp£res was passed for six and a half 
minutes, five per cent, of carbon was taken up by the fused carbide. When the 
period of heating i$ further prolonged, the results are complicated by decomposition 
of the carbide. According to G. Gore, carbon i» insoluble in liquefied cyanogen and 
in liquid carbon dioxide. M. Berthelot said that carbon reacts with carbonates, 
forming carbon monoxide, etc. H. Moissan found that at 1000° to 1200°, the 
diamond quickly disappears in contact with fused potassium or sodium carbonate, 
the graphite which separates from a soln. of carbon in platinum is rapidly attacked 
by this mixture ; molten alkali carbonates and the diamond furnish carbon monoxide. 
V. A. Jaquelain and II. Baumhauer, and L. Colomba suggest that the carbon 
dioxide is reduced by the diamond, COo+^—^CO ; while 0. Doelter believed that 
the carbon dioxide is dissociated, and that the diamond is attacked by the liberated 
oxygen. O. Boudouard found that a mixture of carbon and calcium carbonate at 
650° gives a mixture of 78 per cent, carbon monoxide and 22 per cent, of carbon 
dioxide ; carbon and barium carbonate at 800° give a mixture of 95 per cent, 
of carbon monoxide and 5 per cent, carbon dioxide. K. K. Glasson found that with 
iron carbonate a mixture of carbon monoxide and dioxide is obtained in thfc pro- 
portions 1 : 5. S. Petuchoff heated the carbonates of the alkalies and calcium with 
carbon and sulphur, and noted that some carbon monoxide is formed. A number 
of observations has been made on the action of carbon on organic compounds - 
e.g. R. Ehrenfeld, G. Lemoine, and J. B. Senderens studied its action on alcohols ; 
P. P. Bedson, on pyridine; C. A. Parsons, on benzene, paraffin, sugar , carboy* 
tetrachloride, and carbon disulphide ; and J. Stenhouse, and C. C. Stanford, on 
decaying organic matter. II. L. Dejust found a soln. of p-phenylenediamine is 
rapidly oxidized by air in the presence of graphite. A. W. Hofmann, P. Cazeneuvc, 
R. Doupouy, M. Bodenstein and C? G. Pink, etc., studied the catalytic action of carbon. 

I. von Ostromisslensky found graphite to be insoluble in tar, phenanthrene, chrysene , 
pyrene, picene, and triphevylene, but it appears to be soluble in decacylene, while 
the diamond is insoluble in that menstruum. F. Feigl found that oxalic (flc\d in aq. 
soln. is oxidized to carbon dioxide when boiled with charcoal. R. S. Marsdej^ and 

J. Violle have notqd the slow diffusion of carbon into the walls of heated porcelain 
crucibles. A. Daubrte, A. L. du Toit, etc., have studied the action of *used 
silicates on the diamond — vide origin of the diamond. 

C. R. A. Wright and A. P. Luff 0 found that carbon monoxide begins to reduce 
ferric oxide and copper oxide at a lower temp, than hydrogen, and hydrogen at a 
lower temp, than carbon. Carbon from carbon monoxjde begins to act at a lower 
temp, than sugar charcoal ; and metal oxides prepared by precipitation are often 
i educed at a lower temp, than those prepared by the ignition of the metal salts. 
The reduction of ferric oxide with sugar charcoal negan at 450° ; of cuprdtrf 
oxide at 390° ; and of cupric oxide, between 390° and Ao°. With carbon 
from carbon monoxide, the reduction of ferric oxide began at 430° ; of cuprous 
oxide at 345° ; and of cupric oxide, between 350° and 430°. The carbon reduction 
of manganese dioxide began at 260° ; of pyrolusite at 390° ; of lead monoxide at 
415° to 435° ; of red lead at 330° ; of lead dkfride, 250° to 270° ; cobalt monoxide, 
450° ; cobalt sesquioxide, 260° ; nickel monoxide, 450° ; and nickel sesqnioxide, 
145° ; A. Guntz obtained carbon monoxide and metal by heating a mixture of 
carbon with ferrous oxide or manganous oxide to a high temp. R. Schenck and 
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W. Heller measured the equilibrium press, between iron, ferrous oxide, carbon, and 
the two oxides of carbon approached from both sides of the equation. They also 
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From which it appears that the diamond reduces more energetically than graphite. 
They also made similar measurements with manganous oxide where the press, were 
less than for ferrous oxide, since at 1200° the press, was 10 mm., and at 1229°, 15*3 mm. 
The application to the blast furnace was also discussed by R. Schenck, A. Smits, 
B. Osann, E. Baur, etc. H. C. Greenwood gave for the reduction temp, of chromium 
sesquioxide with carbon, 1185°; manganous oxide, 1105°; uranium dioxide, 
1490° ; Silica, 1460° ; zirconia, 1400° ; and thoria, 1600°. H. Moissan found that 
not the smallest trace of calcium carbide was formed when PAlni nm muIa was heated 
with sugar charcoal at the fusion temp, of platinum (over 1755°). Moissan said 
that fused alumina is not reduced by carbon, but the vapours of alumina and carbon 
readily react to form aluminium carbide. E. Berger and L. Delmas examined 
the behaviour of different forms of carbon when mixed with metal oxides. 

N. A. E. Millon 10 found that at 320° wood charcoal in contact with alkali 
hydroxide, and exposed to air, is transformed into a substance with some acidic 
properties ; it is analogous to humus, it is soluble in aq. ammonia, and alkali-lye ; 
but insoluble in water. P. Degener and J. Lach wetted animal charcoal with 
alkali-lye, and exposed it to air and light ; they noted that an alkali peroxide was 
formed. Similar results were obtained with alkaline earth hydroxides. According 
Jx> F. Haber and L. Bruner, carbon and sodium hydroxide interact to furnish 
hydrogen. Sodium formate and sodium hydroxide, when fused together, give off 
pure hydrogen, the reaction begins at about 205° and is quite complete at 350° ; 
it is represented by the equation HC0 2 Na-fNayH=H 2 -f Na 2 C0 3 . No oxalate is 
formed. A mixture of sodium oxalate and sodium hydroxide begins to decompose 
at 270°~280°, evolving pure hydrogen and forming carbonate only. If the potential 
of the carbon electrode in sodium hydroxide were due to the presence of either 
formate or oxalate, it should be higher than the hydrogen potential, because both 
formate and oxalate break up spontaneously, yielding hydrogen. Measurements 
of the potential of carbon in sodium hydroxide to which sodium formate or 
oxalcte had been added, and from which hydrogen was being evolved owing to 
their decomposition, always gave the hydrogen potential— 1*5 volts. The action 
of carbon monoxide on sodium hydroxide at 350° was found to be 2NaOHd-CO 
=Na 2 C 0 3 4 -H 2 . Hence, as previously indicated, it was inferred that the carbon 
electrode is really a hydrogen electrode. 

Carbon exerts a reducing action on many salts. Carbon is one of the most 
important and useful of reducing agents for abstracting oxygen from the metal 
oxides. It is used in blowpipe reactions on charcoal ; in the manufacture of 
iron and steel ; and by its aid, directly or indirectly, the metals copper, zinc, 
lead, and tin are extracted ; and even the metals of the alkalies obtained. It 
is used likewise in the poling of copper. In the case of animal charcoal, 
said W. Heintz , 11 the reducing action may be due largely to adsorbed 
hydrogep. C. F. Schonbein noted that soln. of ferric salts are reduced to 
the ferrous state, and D. Tommasi noted that in the electrolysis of soln. of 
fexrio chloride, the carbon electrodes are strongly attacked and chlorine is 
given off. According to C. Monde, if a purified carbon rod be placed in an acidic 
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soln. of cupric sulphate, it gradually becomes covered with copper. The reduction 
does, not proceed so well in neutral or alkaline soln., and it goes better with soln, 
acidified with sulphuric acid than with nitric or hydrochloric acid ; and worse in 
the presence of organic acids. A. F. Fol observed the effect with different kinds of 
carbon. C. F. Schonbein reported the reduction of mercuric chloride soln. to 
mercurous chloride, but A. E. Esprit said that there is really no reduction, the 
mercuric chloride is merely withdrawn from the soln. by absorption ; and F. Fcigl 
showed that when mercurous salts are boiled with blood charcoal, mercurous chloride 
is oxidized to mercuric chloride. C. Moride, and A. F. Fol noted the ready reduction 
of neutral or acid soln. of silver nitrate, or ammoniacal soln. of silver chloride 
to the metal. * D. Avery noted the reduction of a soln. of auric chloride, 
4AuCl 3 -j-6H 2 0-}-3C— 4Au-f 12HCl-j-3C0 2 ; but G. A. Konig said that the action 
is more physical than chemical. S. Brussoff made observations on the precipi- 
tation of gold from soln. of auric chloride by animal and wood charcoal, coke, and 
graphite. The gold is retained by the carbon, and the chlorine remains in soln. 
M. Lazowsky found that soln. of copper, silver, gold, mercury, platinum and palla- 
dium salts are reduced by this agent and the metal is deposited on the charcoal. 
W. Heintz noted the precipitation of platinum from Boln. of platinum chloride. 

F. Fiegl showed that when a soln. of potassium chromite is boiled with blood 
charcoal potassium chromate is formed, and he studied the oxidization of tervalent 
chromium to chromates. M. Berthelot 12 observed that at ordinary temp, charcoal 
is oxidized by a soln. of chromic acid and a little oxalic acid is formed. H. Moissan 
also found that amorphous carbon is readily oxidized by a mixture of chromic 
and sulphuric acids ; the resistance to the attack is increased when the carbon has 
been preheated to a high temp. Molten chromic acid has very little action on 
graphite prepared from a soln. of carbon in melted platinum. R. P?. and 
W. B. Rogers stated that diamonds arc attacked at 180° to 230° by a mixture of 
potassium dichromate and sulphuric acid. G. Charpy found that a mixture of 
chromic acid and sulphuric acid oxidizes graphitic oxide or graphite to carbon dioxide 
more quickly than a mixture of cone, sulphuric acid and potassium permanganate. 
The former gives as much carbon dioxide at 45° as the latter does at 100°, \ 
mixture of nitric acid and potassium chlorate was found to be less effective than 
the cone, sulphuric acid and potassium permanganate. The oxidizing action of 
some of these soln. is utilized in wet processes for the determination of carbon. 13 
L. J. Simon found that a mixturfi of silver dichromate and sulphuric acid oxidizes 
Canadian graphite completely, but the diamond, wood charcoal, coke, sugar charcoal, 
anthracite, and natural coke are only partially oxidized. The action of mixtures 
of sulphuric or nitric acid and potassium chlorate has been previously discussed. 

The uses of carbon. 14 — The diamond is used as a gem-stone ; for borings, 
etc., in watches, electric meters, and scientific instruments ; for testing the scratching 
hardness of minerals, etc. ; for cutting glass ; drilling glass and pottery ; andy-as a 
powder, in cutting diamonds, drilling rocks, — for which purpose carbonado is pre- 
ferred because it has no tendency to cleavage, etc. Graphite is used in making 
refractory goods — e,g. bricks, crucibles — when the crystalline or flaky variety is 
preferred. A mixture of plastic clay with 50 to 75 per cent, of Cingalese graphite 
is moulded, dried, and fired in muffles in a redoing atm. It is used as a resistor 
in electric furnaces — e.g. kryptol is a mixture of graphite, carborundum, and clay so 
compounded as to give a granular mass ; but graphite alone gives as good or even* 
better results. Graphite is used in the manufacture of lead pencils. A mixture of 
graphite and clay, very carefully graded and washed, is moulded by expression, 
fired, and fitted into the wooden casing. Graphite— particularly the colloidal form 
{q.v.) — is used as a lubricant with or without tallow, grease, palm oil, etc. Graphite 
is used in the foundry as a facing for mould#; in making paints, particularly for 
coating iron surfaces ; in electrotyping ; for commutator brushes ; in making 
battery plates ; as a polishing medium — e.g. for gunpowde/ — in making stove 
polish ; as a preventive of boiler scale ; etc. Amorphous graphite, and charcoal 
vol. v. • * 3 H 
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are used for decolorizing sugar, fats, glycerol, etc. ; in the filtration and disin- 
fection of liquids ; for the separation and recovery of gases and vapours the 
purification of gases ; the storage of gases ; as a catalyst in many reactions ; in 
the production of high vacua ; as an absorbent in gas masks for noxious gases, and 
in the removal of industrial stenches. The charcoal mask was recommended by 
J. Stenhouse in 1854. Charcoal is used as a constituent of some explosives ; as a 
depilatory in the tannery ; in making crucibles ; battery plates ; in the manu- 
facture of indian ink, printers’ ink, black paints ; etc. The manufacture of carbon 
electrodes for electric furnaces and arc lighting is one of the most important branches 
of the carbon industry, and is growing rapidly as electric furnaces are increasingly 
applied in the metallurgical industries. As experience in the manufacture of carbon 
electrodes grows, the specifications as to purity, electrical resistance, hardness, and 
density become more and more stringent. Carbon electrodes were used by H. Davy 16 
about 1806. Carbon filaments are employed in incandescent electric lamps. The 
light emitted by a hot body increases rapidly with rise of temp. A platinum wire 
heated by the electric current gives a good light, but this metal melts at too low 
a temp, to render it satisfactory. Carbon filaments were then tried and they gave 
better results, but they had a comparatively short life. Improvements in the 
manufacture of the filaments considerably increased the length of their practical 
life. The useful life of a carbon filament lamp depends more on the vaporization 
than on the m.p. of the carbon. Different kinds of carbon have different vap. press. 
The graphitized filaments have the longer life. 

The carbons are made by squirting a soln. of cellulose through a die which hardens the 
liquid into dense fibres ; these are carbonized out of contact with air at as high a temp, as 
possible in a gas-fired oven. The filaments are afterwards heated electrically in an atm. 
of hydrocarbon gas and the decomposition of the hydrocarbon produces a smooth dense 
deposit of graphite. The filament is afterwards heated in an electrio furnace at over 3000° 
for a few moments, and the result is known as the metallized filament because the temp, 
coefl. of its resistance is now similar to that of the metals. While the simple carbon filament 
has a practical life of about 100 hrs. at 3 watts per candle, the graphitized filament burns 
about 600 hrs., and the metallized filament 1600 hrs. under the same conditions. 

Filaments made from osmium, tantalum, and tungBten are superior to carbon. 
Tungsten withstands the highest temp, without melting or vaporizing, and it gives 
the highest luminous efficiency. 

The compounds of carbon with the other elements are bewildering in number 
and complexity. Over two hundred thousand have been isolated and analyzed, 
and more are synthesized every year. Hence, the study of the compounds of 
carbon, with the exception, conventionally, of a very small proportion, is relegated 
to a special division called Organic Chemistry. 
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§ 12. The Constitution, Valency, and Atomic Weight of Carbon 

In his paper : Ueber die Constitution des Knallguecksilbers , F. A. Kekule 1 showed 
that the C 2 -group was quadrivalent in methane, methyl chloride, chloroform, ehloro- 
picrin, acetonitrile, mercuric fulminate, etc. F. A. Kckul6 understood by 0 2 what 
A. W. Willianjson, and C. F. Gerhardt represented by C, the atom of carbon of 
at. wt. 12 ; and later, in his Ueber die gepaarten V erhindungen und die Theorie der 
mehratomigen Radicate , stated : 

Die Kohlenstofl ist, wie sieh leicht zeigne Ivissfc und worauf ioh spater ausfiihrl ichor 
oingehen werde, vierbasisch oder vieratomig ; d.h. I Atom Kohlenstoff ~C = 12 ist aquiva- 
lent 4 At. H. Dio einfachsto Verbindung des C mit cinoin Element der ersten Gruppo, mit 
Wasserstoff oder Chlor, ist daher : CH 4 und CC1 4 . 

The subject has been discussed in the first volume (1. 5, 10), where it is shown t hat 
E. Frankland, and H. W. Kolbe anticipated F. A. Kekule a little in demonstrating 
the quadrivalency of carbon. The position of carbon in the middle of the periodic 
table corresponds with its forming compounds with nearly all the other elements 
irrespective of their electrochemical nature. According to A. Stock, the chemistry 
of carbon is a composite of the chemical properties of boron, nitrogen, and silicon, 
the elements nearest to carbon in the periodic system. It resembles silicon in respoot 
of its quadrivalence, and the formation of compounds of similar formula) ; it 
resembles boron in respect of the large number of compounds which it forms, and 
the tendency to form long chains of atoms ; it resembles nitrogen in its tendency to 
form volatile compounds of low mol. wt. ; it resembles silicon and boron in its 
tendency to form non-volatile compounds of high mol. wt. ; and it possesses in a 
greater degree than nitrogen or silicon the tendency to form molecules with both nega- 
tive and positive groups. Carbon atoms have a great tendency to unite amongst them- 
selves, to form complex atomic systems. In tctracotylenediearboxylic acid, there are 
ten carbon atoms in juxtaposition HO. 00 - 0==C — CEEC— 0=0— C5EC—CO.OH ; 
and in dimyricyl, CH 3 (CH 2 ) 5g CH 3 , there is a long continuous chain of sixty carbon 
atoms : 

HHHHHHHH H H H H H H H H 

HHHHHHHH HHHHHHHlf • 

1 2 3 4 5 0 7 8 53 54 55 56 57 58 T9 00 

This was illustrated by G. Martin by collecting the thermal data of the covibina- 
tions of carbon with other elements and erecting perpendiculars from the positions 
of these elements on the periodic table. The lengths of the perpendiculars are 
proportional to the thermal data, or what he calls the affinities of the elements. 
The loci of the upper ends/)f the perpendiculars arc supposed to form a surface— 
affinity surface. The affinity surface for carbon shows a steep peak over carbon 
itself, and it indicates that carbon has a greater affiqjty for itself than is the case 
with any other element. Carbon appears to be unique in the^ number and variety 
of such compounds which it readily forms. 

The greater part of the theory of the constitution of organic compounds is built 
up on the assumptions that (i) the valency of carbon is four ; (ii) the four valencies 
are eq. each to each ; and (iii) the valencies are distributed in three dimensions 
acting in the direction of the axes of a tetrahedron, and, added H. E. Armstrong, 
nothing is more surprising than the completeness with which the vast array of facts # 
included in organic chemistry may be ordered by reference to the tetrahedron model. 

Attempts have been made to prove that the four valencies of the carbon atom' 
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are of equal value. The argument is negative rather than positive. A. Popoff 
showed that the two unsaturated valencies of carbon monoxide are of equal value ; 
and A. Geuther, and L. Henry then attempted to demonstrate the equality of all 
four carbon valencies in so far as compounds with the same radicles introduced in 
different positions are identical in their properties. The argument is not conclusive 
since it can also be interpreted to mean that there is only one orientation for stable 
equilibrium when the compound is prepared in the different ways. According to 
J. U. Nef, the two bromopropionic acids 


Br 

H 


>C< 


ch 8 

COOH 


B H r> C <COOH 


behave differently towards polarized light being respectively dextro- and hevo- 
tropic. When heated, hydrogen bromide is given off, and the residual ethylidene 
carboxylic acid absorbs ammonia, H.NH 2 , water, H.OH, etc., furnishing products 
which ought to be the same if all the carbon valencies are alike, but two derivatives 
are obtained from the d- and Z-acids. Hence, argued J. U. Nef, the four carbon 
valencies are not alike each to each, but are eq. in pairs as illustrated by ± C + , 
so that the products of decomposition would be represented 

^COOH T^^COOH 


P. Walden found that the d- and £-monobromosuccinic acids change on standing 
2 to 5 years at ordinary temp, so as to form a mixture of equal amounts of the two 
sfcids ; and a similar change occurs with the d- and Mactic acids in 2 or 3 days at 
H0°. 

The disposition of the four valencies of the carbon atom has been the subject 
of much discussion. J. H. van’t Hoff’s view that the carbon atom is a material 
point at the centre of a tetrahedron with its valencies directed towards the four 
spices has been previously outlined (1. 5, 15). J. A. le Bel has modified this hypo- 
thesis. E. Knoevenagel suggested that the valencies of the tetrahedral carbon atom 
aye directed, not to the corners, but to the middle of the sides ; and F. W. Hin- 
richsen showed that the so-called double bonds can then be regarded as expressing 
the union of two carbon atoms along a common edge. J. Thiele assumed that the 
carbon atom has a residual or partial valency over and above its quadrivalency ; 
and that the partial valencies of adjacent carbon atoms are conjugated. 

Carbon in triphenyl methyl, C(C 6 H B ) 3 , prepared by M. Gomberg, may be tervalent. 
The compound has been studied by F. Kehrmann and F. Wentzel, J. F. Norris and 
L. R. Culver, W. Loeb, J. Piccard, W. Schlenk and co-workers, J. Schmidlin, 
A. E. Tschitschibabin, etc. It appears probable that the white solid is hexaphenyl- 
cthane* (C 6 H5) 3 C.C(C 6 H B ) 8 , which slowly dissociates in organic solvents, forming 
a yellow soln. which contains free triphenylmethyl, (CeHg^C.CfCeHgfo^CfCeHg^. 
The case appears to be analogous to that of cuprous chloride, Cu 2 Cl 2 r=*2CuCl. 
A. E. Tschitschibabin, and F. W. Hinrichsen hold that in ethylene, C2H4, carbon is 
tervalent and not quadrivalent with a double bond, because the mol. vol. is greater 
in bodies with the so-called double bond than it is in ..those with single linkages. 
This is not what would be anticipated, for atoms with a double bond should be nearer 
together than if bonded with single linkages. This argument is not conclusive. 
J. U. Nef, L. Gattermann, R. Scholl, etc., hold that in hydrocyanic acid, C:NH. 
the isonitriles, C : N.R ; and fulminic acid, HO.N : C, carbon is truly bivalent . 
A. E. Tschitschibabin, and F. W. Hinrichsen hold that in acetylene, C 2 H 2 , carbon is 
bivalent because with quadrivalent carbon and a triple bond, acetylene is not likely 
to be so stable as it really is. A. Gillet also discussed the bivalency of carbon. 
The bivalenoy of oarbon in carbon monoxide has been previously discussed (1. 5, 13). 
If carbon here be quadrivalent, J. W. BrUhl said that the calculated and observed 
values for the mol. refraction are in agreement, but not if the carbon be bivalent, 
C : 0.* F. Landolph suggested that in acetone dihydrofluoride, C s H 0 O.2HE> the 
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carbon is sexvalent, but, as F. W. Hinrichsen has shown, there is no need for 
this assumption; among other possible formulae, carbon quadrivalent, there is 
(CH 3 ) 2 C(0H)F. Similarly, in J. Thiele and W. Peter’s methyl iododichloride, 
CH 3 IC1 2 , carbon appears to be sexivalent, and in M. Gomberg’s triphenylbromo- 
methane tetraiodide, { (C fl H 6 ) 3 CBr}I 4 , carbon appears to be oclovalent. In these 
cases the carbon is quadrivalent when the halogens are assumed tervalent. 

The carbon molecule. — D* Aufhaiiser 2 argued that from its position in the 
periodic table, and the character of its compounds, carbon ought to be a 
very reactive gas. That it is not is taken as evidenco that solid carbon is 
highly polymerized. The number of atoms contained in the carbon molecule 
is unknown. The non-volatility of carbon, except at very high temp., has led to the 
view that the molecule is very complex. According to H. F. Jiiptner von Jonstorff, 
and W: C. Roberts- Austen, the presence of 0*5 per cent, of carbon in iron lowers the 
m.p. about 70° ; and with this datum the number of atoms per mol. of carbon in 
molten iron is two ; it is also estimated that at 850°, the mol. is triatomic ; and at 
lower temp., still more complex. Here, the assumption is mado that the carbon 
does not form a complex with the iron. From cryoscopic observations on 
soln. of carbon in iron and cobalt, A. Jouniaux also estimated that the graphite 
mol. above 1500° is monatomic when in soln. in these metals. H. F. Jiiptner, 
H. W. B. Roozeboom, etc., have shown that the carbon is probably present as a 
carbide between 1650° and 1250°. P. J. van Kerckhoff assumed that the molecule 
of amorphous carbon is C 2 , of graphite, 0 8 , and of the diamond, (4, so as to make the 
observed sp. hts. fit the mol. ht. 6 4 ; C. E. Carbonelli likewise assumed that the 
diamond has a molecule C 5 . H. W. Kolbe suggested that graphite has mols. of 
bivalent carbon, that amorphous carbon has mols. of tervalent qarbon, and that the 
diamond has a mol. C 3 , consisting of two atoms of bivalent carbon and one atom of 
quadrivalent carbon, C : C : C. E. Donath supposed that the diamond mol. is 
diatomic ; and that amorphous carbon is polyatomic. According to W. Vaubel, 
calculations based on the difference between the heats of combustion of carbon and 
carbon monoxide lead to the conclusion that the mol. of carbon at its b.p. contains 
24 atoms. The heat of dissociation of this complex carbon mol. is taken as 32,300 
cals., and hence it is deduced that acetylene, carbon disulphide, and other corn- 
PQunds which have commonly negative heats of formation assigned to them, have 
really positive heats of formation. All this, however, is merely guessing, and 
furnishes no precise information. W. Nernst’s observations on the sp. ht. of the 
diamond fit formulae deduced on the assumption that the mol. of the solid is mon- 
atomic ; while the sp. ht. of graphite fits better the assumption that the mol. is 
polyatomic, C„, where n is greater than unity. • 

The heat of combustion of carbon is the joint effect of an absorption of heat 
owing to the degradation of the complex mol. into atoms, and the heat of oxidation 
of the carbon to its oxide, C0 2 . M. Copisaroff assumes that the cause of th$ pro- 
gressive increase in the heat of combustion of carbon in passing from the diamond 
to charcoal is due to the varying stability of the carbon mol. in the cases, and that 
this in turn depends upon the mode of linking of the units inside the mol. ; that 
the mols. with atoms free to rotate will be the least stable, while mols. with rigid 
atoms will be the most stable ; and in the intyrmediale case, some atoms will be 
rigid and some free. The greater the rigidity, the larger the heat of combustion. 
In amorphous carbon, added M. Copisaroff, the atoms are mobile and not rigid ; ii» 
the diamond all the atoms are rigid ; and in graphite, some fttoms are rigid, and 
some are mobile. This is also thought to explain the regular gradation in any 
selected physical property in passing from amorphous carbon to the diamond — vide 
supra, action of nitric acid on carbon. 

The intermediate products of the moist oxidation of carbon led V. Meyer to the 
view that the carbon mol. is polyatomic ; similar views have been advocated by 
many chemists— J. Dewar, F. A. Kekul6, W. Barlow and W. J. fope, H. S. Redgrove 
and J. C. Thomlinson, etc. According to H. Meyer, the diamond resists oxidation 
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by wet processes, while graphite furnishes no mellitic acid, C 6 (COOH) 6 , if oxidized 
directly, but if it be first converted into graphitic acid, the latter does give some 
mellitic acid ; coal gives very little of this acid, but charcoal gives a ^relatively 
large proportion of mellitic acid which occurs combined with aluminium in nature 
as honeystone. This acid has been studied by H. Meyer and K. Steiner, and by 
W. J. Jarrad. In the presence of osmium tetroxide, as catalytic agent, amorphous 
carbon can be oxidized to carbon dioxide, mellitic aeid, etc., by potassium chlorate 
at 100°. This curious acid is assumed to have the structural relationship with 
benzene indicated in the subjoined graphic formulae, and it is further suggested 
that mellitic acid and carbon have an analogous structure : 


H 

COOH 

„C\ 

H.C / V.H 

A 

C00H.C 7 * 'C.COOH 

/y K 
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It 1 

11 l 
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Tr 

COOH.Cv .C.COOH 

Nr 
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if 

COOH 

6/ 

lienzenc, (!„H„ 

Mellitic acid, 0„(C0()H) e 

Carbon (imaginary), 


During the wet oxidation of carbon, there is formed a yellow hygroscopic mass 
with an acid reaction, which is soluble in alcohol aiid ether, and which becomes 
black with alkalies. There is evidence that the yellow mass probably contains an 
acid derivative of a hydrocarbon with a five carbon ring, and 0. Dimroth and 
3- Kerkovius hence believe that the carbon mol. consists of atoms arranged pen- 
tagonally as well as hexagonally. 0. Asehan considers that the concentric hexagonal 
arrangement of the' carbon atoms in J. Dewar’s mol. would leave the atoms so 
strained that charcoal would be an explosive substance like acetylene. The very 
great stability of charcoal makes him believe that the mol. has 
a web-like structure formed of atoms arranged as illustrated in 
Fig. 19, where the dots represent quadrivalent carbon atoms. 
He considers that the hydrogen invariably associated with wood 
charcoal is really united with the carbon atoms at the outer 
boundary ; and the nitrogen (1 per cent.) invariably found with 
bone charcoal replaces some of the boundary CH-group. This 
means that wood and bone charcoals are complex organic com- 
pounds and not forms of elementary carbon. Modifications of 
this hypothesis were used by T. F. E. Rhcad and R. V. Wheeler, 
and I. Langmuir to explain the oxygenation of carbon, etc. 
The term molecule used in this sense has a different connotation 
to that regularly employed in chemistry. The X-radiogram revelations of the 
structure of the diamond and graphite have been discussed in a previous section 
— FigS. 10 to 12. L. F. Hawley and S. S. Aiyar have discussed the presence of a 
small proportion of methoxy-groups in wood charcoal. 

The atomic weight Of carbon. — The at. wt. of carbon was first deduced from 
the analysis and density of carbon dioxide. A. L. Lavoisier 3 found that gas con- 
tained 24 to 28 per cent, of -carbon ; F. Clement and J. B. Desormes, 27 to 28 per 
cent. ; N. T. de Saussure, 27*04 to 27*38 per cent. ; S. Tennant, 27 to 27*8 per cent. ; 
W. Allen and W. H. Pepys, C8*60 to 28*67 per cent. ; and J. L. Gay Lussac, 27*38 
per cent. The last-raraed also obtained 42*99 per cent, of carbon in carbon mon- 
oxide, and he later inferred that the at. wt. of carbon is 6, when that of oxygen is 16 ; 
and he represented the formula of carbon dioxide by C 2 02 , and that of carbon mon- 
oxide by CgO, analogous to water H 2 0. 

According to H. E. Roscoe and A. Harden, 4 in his first table of at. wt., J. Dalton 
gave 4*5 for the at. wt. of carbon, and in 1808, he changed this to 5. W. Prout, in 
• 1816, gave 6 for the at. wt. (0=8) ; in 1817, J. J. G. Meinecke, and L. Gmelin gave 
6 (0=8) ; in 1826, L. J. Thttoard gave C=12*25 (H=l) ; in 1834, P. T. Meissner 
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gave 4*24 (H=l) ; and in 1837, 0. B. Ktilm gave C=61 (H=l). This confusion 
in the at. wt. was not clarified until A. Avogadro’s hypothesis had been used as the 
touchstone. Never less than 12 parts by weight of carbon are present in a mole- 
cular proportion of the volatile compounds of carbon (1. 5, 5). This makes the 
hydrogen eq. of carbon in carbon monoxide to be 6, and in carbon dioxide 3. In 
cases where the laws are applicable to soln, the same conclusion is obtained with 
soln. of carbon compounds. • There is a vacancy in the periodic table for an element 
between boron, 110, and nitrogen, 14 ; and carbon fits very well in this place as 
a member of the family of quadrivalent elements. 

The atomic heat of carbon deviates from the normal value 6 4 if 12 be the at. wt. 
of carbon. H. V. Regnault accordingly proposed 24 for the at. wt. of carbon ; and 
B. C. Brodie, 33 for the at. wt. of graphitic carbon which he called graphon. Neither 
suggestion was* of any particular value. This law of isomorphism (1. 11, 10) has 
not been of much assistance in fixing the at. wt. of carbon, since it shows few 
crystallographic analogies with the other members of the same family of elements. 
Indeed, P. Groth said : 

The profound chemical differences exhibited by carbon and silicon are reflected in the 
fact that except for the agreement between the cubic crystalline forms of the two iodides, 
Cl 4 and Sil|, there is no isomorphism between analogously constituted compounds of the 
two elements - between the carbonates and silicates, for example— and also in the fact that 
the two elements unite to form a very stable compound, carborundum, CSi, whose crystalline 
form oxhibits no relation to that of either of its constituent elements. 


The various methods which have been employed for obtaining the at. wt. of 
carbon can be arranged in two groups — chemical and physical . The chemical methods 
can be subdivided : (i) The combustion of carbon to cajbon dioxide ; (ii) the 
combustion of carbon monoxide or other compounds of carbon to carbon dioxide ; 
and (iii) the analysis of the carbonates or organic salts of the metals — lead, silver, 
and beryllium. In 1838, J. B. A. Dumas 5 analyzed naphthalene, and concluded 
that the at. wt. of carbon, 12 24, obtained by J. J. Berzelius and P. L. Dulong in 
1819, by a physical method, was too high. In 1839, J. J. Berzelius analyzed lead 
oxalate and carbonate, and obtained 12*242, which confirmed his former result^ 

The determination of the atomic weight of carbon by the combustion of carbon oi 
carbonaceous compounds. — J. B. A. Dumas and J. 8. Stgs, in their Reeherches sui 
le veritable poids atomique du carbone, determined the ratio 0 : C0 2 by burning 
diamond, and natural and artificial graphite in oxygen. They thus obtained 
11*9975 for the at. wt. of carbon. 0. L. Erdmann and R. F. Marchand made a 
similar investigation and obtained 12*0093 ; H. E. Roscoe likewise obtained 12*0029 \ 
C. Friedel, 12*0112; and J. D. van der Plaats, 12*0031. J. B. A«. Dymas and 
J. S. Stas tested the corrections for the change in volume of the soln. of ^otassiuir 
hydroxide produced by the absorption of carbon dioxide, and by some inexplicable 
error, they concluded that • 

En tenant compte dans la pes^e du diamant du poids de l’air qu'il d^placo ot dan* cell* 
de Pacide carbonique condense de Pair qu’il deplane auwii oew rapports no sont paa altdres 


A. Scott showed that the magnitude of the correction is quite serious, lowering the 
values : • 
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B, Brauner also checked these calculations. J. S, Stas, in his Recherclws nouvellei 
sur le veritable poids atomique du carbone, described experiments in which carbot 
monoxide was passed over heated copper #xide. He determined the loss in weighi 
of the copper oxide, and the weight of carbon dioxide formed. From the rati< 
(CuO less Cu) ; C0 2 , he obtained the at. wt. 12*0046. J. S. Stas’ results wdrt 
criticized by A. Scott, and J. D. van der Plaats. 'A. Scott also analyze( 
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naphthalene and cinnamic acid by combustion, and obtained, respectively, 11*999 
and 12*002 for the at. wt. of carbon. 

The determination of the atomic weight of carbon by the analysis of metal salts con - 
taining carbon— In 1811, and in 1814, J. J. Berzelius analyzed lead carbonate, and 
combining the results with J. L. Gay Lussac’s observations on the C : 0 2 ratio in 
carbon dioxide, and from the ratio C0 2 : PbO, obtained results corresponding with 
the at. wt. 12*026 ; while in 1839, from the ratios PbC0 3 : PbO, and PbC 2 0 4 : PbO, 
obtained 12 242 ; and in 1841, from analysis of the lead salts of organic acids, he 
obtained 12*118. J. von Liebig and J. Redtenbacher analysed silver acetate, and 
from the ratio AgC 2 H 3 0 2 : Ag obtained 12*039 ; tfith silver tartrate, Ag^HOfl : Ag, 
12*044 ; with silver racemate, Ag 2 C 4 H 4 0 6 : Ag, 12*049 ; and with silver malate, 
Ag 2 C 4 H 4 05 : Ag, 12*050. A. Strecker recalculated these values by the method of 
least squares. J. C. G. de Marignac obtained with silver acetate, AgC 2 H 8 0 2 : Ag, 
12*036 ; E. J. Maumen^ with silver acetate, and oxalate and the respective ratios 
AgC 2 H 3 0 2 : Ag : C0 2 , and Ag 2 C 2 0 4 : Ag : 2C0 2 , obtained 11*934 and 11*928. The 
general tendency is for these results to be a little high owing to the slight volatiliza- 
tion of silver during the ignition. W. L. Hardin electrolyzed silver acetate and 
benzoate dissolved in a soln. of potassium cyanide, and from the ratio AgC 2 H 3 0 2 : Ag 
obtained 11*9999; and from the ratio AgC 7 H 5 0 2 : Ag, 12*0011. C. L. Parsons 
analyzed beryllium acetylacetonate and basic acetate, and from the respective ratios 
Be(C 6 H 7 0 2 ) 2 : BeO, and Be40(C 2 H 3 0 2 ) 6 : 4BeO, obtained 12*007 when the at. wt. 
of beryllium is 9*1 12. A. Scott titrated tetramethylammonium bromide and tetra- 
ethylammonium bromide with a standard soln. of silver and obtained 12*017 and 
12<)19 respectively. These determinations were discussed by T. E. Thorpe from 
the point of view of Y f A. Guye and N. Zachariades’ observations on the tendency 
of finely r divided substances to absorb air. T. W. Richards and C. R. Roover 
evaluated the ratio Na 2 C0 3 : 2Ag— 29*4351 : 59*91676, and hence computed 12*003 
for the at. wt. of silver ; E. Moles argued that if another value were adopted for 
sodium, these results agree with the at. wt. 12 000 for carbon. 

The determination of the atomic weight of carbon by physical methods. — In 1814, 
W. H. Wollaston 8 calculated the at. wt. of carbon from the density determinations * 
of oxygen and carbon dioxide by J. B. Biot and F. J. Arago. It was assumed that 
no change in volume occurs when the oxygen is converted into carbon dioxide. 
W. R. Wollaston obtained*l 2*063 for the at. wt. of carbon, oxygen 16. J. J. Berzelius 
and P. L. Dulong obtained 12*24 in a similar manner. The latter value was accepted 
for some years, although, in 1836, T. Thomson obtained 12*000 from density deter- 
minations. F. J. Wrede showed that, owing to the greater compressibility of carbon 
dioxide, oxygen yields rather less than its own vol. of carbon dioxide, the density 
of which 'is correspondingly high. After making an allowance for this, he obtained 
12*023 from the ratio C0 2 : CO ; 12*021 from the ratio CO : O ; apd 12*022 from 
the ration C0 2 : Q. P. A. Guye and T. Batuecas obtained 11*998 by this method. 
D. Berthelot by his method of limiting densities (1. 5, 8), and the density deter- 
minations of A. Leduc, and Lord Rayleigh, obtained numbers ranging from 12*000 to 
12*007— probable mean 12*005 — for the at. wt. of carbon; with G. Baume and 
F. L. Perrot’s value for the density of methane, the value 12*0085 was obtained ; 
and for ethane, 12*036. Lord Rayleigh’s value for the density and compressibility 
of carbon monoxide gave 12*003. A. Jacquerod and F. L. Perrot measured the 
expension of carbon monoxide and dioxide up to 1067*4°, and from the mean den- 
sities obtained the resp&tive at. wt. 12*009 and 11*992. G. Baume calculated from 
the density of methyl ether, (CH 3 ) 2 0, the at. wt. 11*9919 ±0*0010 ; and A. Leduc’s 
value for the density of toluene gave 12*003. A. Leduc’s method of limiting den- 
sities (1. 13, 4) with carbon monoxide and dioxide, and with acetylene, gave 12*005. 
P. A. Guye’s method of critical constants (1. 13, 4) with carbon monoxide and 
methane, wiih Lord Rayleigh’s and A. Leduc’s data for* carbon monoxide, gave 
12*003 ; and, with G. Baume and F. L. Perrot’s value for methane, 12*004. 

Observations or summaries have been made by P. A. Guye, N. Delaunay. 
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A. Leauc, J. A. Wanklyn, etc. G. D. Hinrichs, and E. Moles advocated the whole 
number 12 for the at. wt. J. A. Groshans discussed the relation of W. Prout’s 
hypothesis to the at. wt. of carbon. B. Brauner summarized the various deter- 
minations of the at. wt. of carbon prior to 1909, and obtained 12*002 with an un- 
certainty of one unit in the third decimal place ; F. W. Clarke obtained 12*0000 
±0*00029. The International Table of atomic weights for 1922 gave 12*005 as the 
best representative value. E. Rutherford and J. Chadwick found no evidence of 
the disintegration of the carbon atom when bombarded by a-rays. The atomic 
number of carbon is 6. F. W. Aston found no isotopes. 

L. Bell and*P. R. Bassett found helium lines in the spectrum of the negative tongue in 
the carbon arc of at least 100 amp They assume this shows that some carbon atoms 
have dissociated # into helium ; but other more probable interpretations are possible. 
Some 'hydrogen lines are attributed to adsorbed water vapour. 
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§ 13. The Carbides— The Alkali Carbides 

H. Mbissan begriindete die Chemie der Karbide. — O. Honioschmid (1914 ). 

The binary compounds of carbon with most of the elements are called carbides; 
a few compounds of carbon with the metalloids — e.g. oxygen, the halogens, and 
sulphur— are not usually regained as carbides. The existence of the metal carbides 
was recognized by C. A. Vandermonde, C. L. Berthollet, and G. Monge, 1 in their 
Memoire sur lefer considere days ses diffSrens etats metaUiques, but no definite com- 
pound was recognized. ^ It was observed that relatively small proportions of carbon 
greatly modified the malleability and ductility of the metal, but the low proportion 
of carbon seemed to exclude the idea that a -definite compound was formed. A 
few years later, A. F. de Fourcroy, in L. B. G. de Morveau’s Encyclopedic , stated : 

Le carbone eat susceptible de se combines directement et enticement aux m6taux. . . . 
Ce nom carbure repond 4 celui de sulfure et de phosphure qui appartient A des combinaisons 
catalogues entre le aoufre et le phosphore et lea difterents corps ; comrae on distingue Ies 
sulfures alcalins, alcalino-terreux et metaUiques, il est vraisembiable qu'il exiate des car* 
bursa alcalins, aloalino terreux, et metaUiques. 
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The nomenclature was here in advance of the facta. C. J. B. Karsten expressed 
the idea that in steel the carbon is not distributed uniformly throughout the mass 
of metal as carbon but rather as the carbide, FeC^. J. J . Berzelius thought that he 
had made a series of definite carbides by heating the cyanides of some of the metals ; 
similarly with the ferrocyanides, but here the product is a mixture of the carbides 
of iron, and the other metal. J. B. A. Dumas then argued that the products ob- 
tained by J. J. Berzelius ar^not really carbides, but are mixtures of the metal with 
carbon. Other carbides were reported by E. Davy, F. Wohler, L. Troost and 
P. Hautefeuillc, L. Maquenne, H. Moissan, etc. In his investigation : Sur une 
nouvclle classe de radicaux metalliques composes, M. Berthelot described sodium and 
potassium carbides ; and he, and M. Keiser, showed their relation to acetylene, a 
gas which these carbides produce on treatment with water. Ihe carbides of copper, 
silver, and mertury produced by the action of acetylene on metal salt soln. very 
readily decompose, maybe explosively, when heated. The other carbides are 
produced by the direct action of the metal on carbon at a high temp., and, within 
certain limits of temp., are stable. K. Nisohk studied the relative affinities of 
carbon and oxygen for the metals. 

The carbides are made (i) By the direct union of carbon and metal ; (ii) By 
the action of carbon on the oxides or oxysalts of the metals ; (iii) By the action 
of carbon on the hydrides or nitrides of the metals ; (iv) By the action of metals 
on the oxides of carbon ; (v) By heating the metallic oxides with calcium carbide in 
place of carbon ; (vi) By the simultaneous action of carbon and of a very oxidizable 
metal on an oxide of the metal ; (vii) By the action of metals on the hydrocarbon 
gases ; (viii) By the action of acetylene on metal salt soln. ; (ix) By passing 
acetylene into a soln. of the metal in liquid ammonia— probably, said H. Moissan, 
the acetylene-carbide is first formed and the liberated hydrogen converts some 
acetylene into ethylene : 3C2H24~2NaNIl3'-C2Na2.C2ll2 2H4 , and (x) 
By decomposing some organic compounds by heat, as in the case of the thiocyanates 
of silver, copper, zinc, bismuth, iron, manganese, lead, or tin. F. Haber arranged 
the carbides in groups according to the periodic classification, as extended in Table 
XVI. The carbides of the elements in the left division of the different groups are 
usually stable at a high temp, and are non-volatile solids ; while those in the right 
division are either easily decomposed at a high temp, (metal carbides) or are readily 
volatile (carbides of the metalloids). Carbon fluoride and carbon dioxide are 
gaseous but very stable \ and paracyanogen is a stable solid. Aluminium and 
silicon carbides in the division on the right are exceptional. 


Table XVI.— Periodic 


Classification of the Carbides. 


Group I. 

• 

Group II. 

Group 111. 

Group IV. j 

LioC 2 

BeC. 

BO 

! 

C 

V»,c, 

MgC 2 

A1 4 C 3 

SiC 

k 2 c 2 

CaC a 

Sc 

TiC 

CuC a 

Zn 

Ga 

Ge 

Rb g Cj 

SrCj 

YC t 

ZrC 

Ag.C, 

Cd 

In 

I SnC 

08 t C t 

BaC 8 

LaC t 

CeCj 

“ 



! Yb~ 

— 

AuC* 

HgC 2 

| T1 

PbO*. 

— 


1 • 

ThC, . 


Group V. 

Group VI 

| Group VII. 

Groy., VIII. 

(NC)„ 

0 2 C 

F.C 

— 

P 

S t C 

C 1 4 C 

— 

YC 

Cr.C, 

Mn-C 

{Fe,Co,Ni) s C 

As 

Be 

i Br 4 C 

— 

CbC* 

1 MooC 

i — 

(Ru,Rh,Pd)C* 

Sb 

; # Te 

i 14c 

— 

Di 


1 — 

— • 

, — 

i 

; • — 

— 

Ta 

w a c 

j — | 

(OMr,Pt)C, 

BiCn 

i — 

i 

— 

— 

UA 

| 

• — 




The metal carbides can be roughly Classified according to their aetkm on trator 
or dih acids, (i) The acetylideg are derivatives of acetylene, because they furnish 
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that gas when treated by these agents — e.g. alkali metals ; copper; silver; alkaline 
earth metals ; magnesium ; and mercury. They are constituted : 


C-M' 

C-M' 



Sodium carbide, Na 2 C a 


Calcium carbide, CaC, 


(ii) Methanides are derivatives of methane because they furnish that gas when 
treated with water or dil. acid— e.g. beryllium, aluminium, and manganese. They 
are constituted : 

Al/%A1 

Be = C = Be >C< 

A \> 

Beryllium carbide, Be a C 1 Aluminium carbide, A1 4 0 8 

There are of course other possibilities— e.g. A1 j C.AL: C : Al.C j Al. (iii) Mixed 
carbides supposed to be partly acetylides and partly methanides in that they furnish 



Fio. 20. — Graphic Representation of the Action of Water and Dilute Acids on the 
Metal Carbides. 


both acetylene and methane when treated with dil. acids or by water — e.g. lan- 
thanum, cerium, yttrium, and thorium carbides. Uranium carbide has been 
represented 



Uranium oaxblde, U a Cj 


(iv) The other carbides which are decomposed by water or dil. acids furnish different 
hydrocarbons— ethylene, etc. (v) The .carbides not decomposed by water or dil. 
acids. 

M. DeMpine arranged the carbides of the metals about three concentric circles 
as indicated in Fig. 20." The products with water are indicated in the outer ring, 
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and the products with dil. hydrochloric acid in the inner ring. Beryllium and 
aluminium carbides have been omitted from the scheme ; they give methane with 
both liquids. 

The following monographs, etc, deal with the carbides : M, Del6pine, Carbures mUal- 
liques, Paris, 1904 ; O. Hdnigschmid, Karbide und Silizide, Halle a, S., 1914 ; F. B. Ahrens, 
Die MetaUkarbide und ihre Anwendung, Stuttgart, 1896 ; A. Frank, Zeit. Elektrochem ,, 8. 
427, 1897 ; Joum. Oasbekuchi L, 41. 682, 1898 ; 0. Sandmann, Zeit. angew. Chem. t 14. 673, 
1901 ; J. H. Vogel, Handbuch aer Afetylen, Braunschweig, 1904. 

H. Moissan prepared a series of complex acetylene carbides : Na 2 C 2 .C 2 H 2 , 
KAAH* Li 2 C 2 .C 2 H 2 .2NH 8 , and CaC 2 .C 2 H 2 .4NH3, by passing acetylene into a 
soln. of the corresponding metal in liquid ammonia. All these complexes furnish the 
simple carbides. when heated. 

The alforii carbides— H. Moissan obtained lithium carbide, Li 2 C 2 , by warming 
lithium acetylenediammoniocarbide in vacuo ; he also made lithium carbide by 
heating lithium in a stream of acetylene. A. Guntz represented the reaction with 
acetylene : C 2 H 2 +4Li=2LiH-|-C 2 Li2 ; and he obtained a similar result with 
ethylene : C 2 H 4 -f-6Li=4LiH-f-C 2 Li 2 ; and with carbon monoxide or dioxide at a 
dull red heat ; at a higher temp., only a little carbide is formed. H. Moissan also 
obtained lithium carbide by heating four gram-atoms of carbon with a mol of lithium 
carbonate in an electric furnace. A. Guntz made lithium carbide by heating a 
mixture of equal parts of amorphous carbon and lithium at a dull red heat, in vacuo, 
for half an hour. Diamonds react in the same way as amorphous carbon. The 
carbide was also made by heating lithium with an electric arc using carbon electrodes 
in vacuo. According to E. Vigouroux, 2 sodium has no perceptible action on carbon. 
S. Opolsky found that where an excess of sodium is used in»the preparation of the 
homologues of thiophene, a brown, explosive sodium carbide is formed. M. TJerthelot 
made sodium acetylene carbide , Na 2 C 2 .C 2 H 2 , by warming sodium in a stream of 
acetylene gas ; when heated to a dull red heat, sodium carbide, Na 2 C 2 , is formed ; 
allylene also furnishes sodium acetylene carbide mixed with carbon when the gas 
is passed over heated sodium. R. de Forcrand prepared the carbide in a similar 
manner. H. Moissan made it by the dissociation of sodium acetylene carbide in 
vacuo ; and C. Matignon made it of a high degree of purity by heating sodium 
acetylene carbide in a stream of hydrogen at 220°-230°. C. B. Parsons made it 
by heating borax and carbon over 1000°. 

H. Davy noted that if charcoal, graphite, or the diamond be heated to redness 
with potassium at a temp, at which the metal is volatile, the carbon “ seemed 
gradually to combine with the potassium,” and the product, when treated with* 
water, gave off a gas which burnt like hydrogen. According to J.\T. Berzelius, 
the black mass obtained in the preparation of potassium by the reduction of the 
carbonate with carbon, is a KoMenstoffkalium. In 1836, E. Davy also prepared 
what he called a peculiar compound of carbon and potassium, or carburet of 
potassium; it gave acetylene when treated with water, and was undoubtedly 
impure potassium carbide. H. Moissan made potassium carbide, K 2 C 2 , by the 
dissociation of potassium acetylene carbide in vacuo. M. Berthelot found that 
molten potassium inflames in acetylene, and the mixture then explodes — there is 
a separation of carbon, and potassium carbide is formed. At a dull red heat, 
ethylene also converts potassium partially into carbide. H. Moissan made rubidium 
carbide, RbgCg, by rapidly heating rubidium acetylene cajbide in vacuo to 8D0°, 
and csesium carbide, Cs^, was prepared in a similar way. 

These carbides appear to be white powders or white masses with a crystalline 
fracture ; if carbon is present as an impurity, the carbide may be grey or black. 
The sp. gr. of lithium carbide, according to H. Moissan, is 1*65 at 18° ; and sodium 
carbide, according to C. Matignon, has a Ip. gr. of 1*575. H. Moissan .said lithium 
carbide easily breaks and is not hard enough to scratch glass ; and C. Matignon 
said that sodium carbide is not sensitive to percussion or friction. C. Matignon said 
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that hydrogen is without action on sodium carbide. According to H. Moissan, 
lithium carbide at a dull red heat burns vigorously in oxygen ; sodium carbide was 
found by 0. Matignon to be stable in air or oxygen at ordinary temp., but when 
heated, combustion occurs, and sodium carbonate is formed ; H. Moissan said 
rubidium carbide is not attacked in the cold by oxygen. A. Guntz said that lithium 
carbide does not dissociate when heated ; on the other hand, at a dull red heat, in 
vacuo, said H. Moissan, rubidium or caesium carbide gives amorphous carbon and 
the metal. R. de Forcrand, and C. Matignon gave for the heat of formation 
(^H 2 Ka 8 + 2 Na =C 2 Na 28 oii(i -f H 2 + 49 ’3 Cals.; and 2C ( ii anu , n d4~2Na SO ]i(i :=: C2Na2 8'8 
Cals. H. Moissan said that lithium carbide is decomposed by cold water, giving 
off acetylene only— a kilogram of lithium carbide gives 587 litres of acetylene. 
A similar reaction was found by C. Matignon to occur with water, but with 
a large excess of sodium carbide an explosion may occur and carbon be separated. 
In spite of the apparent irreversibility of the reaction, J. Billitzer considers that the 
slight increase in the solubility of acetylene in water brought about by the addition 
of small quantities of salts, indicates the possibility that acetylides may exist in 
soln. The thermal value of the reaction with sodium carbide, given by C. Matignon, 
and R. de Forcrand, is: C 2 Na 2 -f 2H 2 0=C 2 H2ga8+2NaOHaq.-|-37 , 6 Cals. The 
other alkali carbides are also decomposed by water, and acetylene is evolved. 

H. Moissan found that cold lithium carbide burns with great brilliancy in 
fluorine or chlorine, but it must be warmed a little before combustion occurs in 
bromine or iodine. According to C. Matignon, sodium carbide burns in chlorine 
with the separation of carbon ; in bromine, carbon and brominated hydrocarbons 
arq formed ; and with iodine, ethylene tetraiodide, C 2 I 4 , is formed. H. Moissan 
found rubidium or csesium carbide burns in fluorine, chlorine, bromine, or iodine. 
Cone, acids, said H. Moissan, attack lithium carbide very slowly : C. Matignon gave 
for the ‘action of hydrochloric acid on sodium carbide: C 2 Na 2 +2HCl 
= 2 NaCl-f 2 C-l-H 2 ; but if the carbide is suspended in ether, acetylene is formed : 
C 2 Na 2 -{-2HCl— 2NaCl-j-C 2 H 2 . H. Moissan found that rubidium or cresium carbide 
inflames in contact with hydrochloric acid — unless the acid be dil. H. Moissan 
found that lithium carbide burns in the vap. of sulphur or selenium ; rubidium 
carbide behaves similarly. C. Matignon found that in contact with sodium carbide 
at 150°, hydrogen sulphide, acetylene and sodium hydrosulphide are formed. He 
also observed a separation of carbon when sodium carbide is heated with sulphur 
dioxide ; and H. Moissan said that sulphur dioxide in the cold does not attack 
rubidium carbide, but inflammation occurs when heat is supplied. C. Matignon 
found that carbon monoxide does not attack sodium carbide below 250°, and that 
the reaction with carbon dioxide resembles that with sulphur dioxide ; H. Moissan 
also found the same to be true with respect to rubidium carbide. Rubidium and 
caesium carbides react vigorously when heated with silicon or with boron. The 
action of nitric oxide with rubidium carbide resembles that with sulphur dioxide. 
C. Matighon said that sodium carbide reacts with nitrogen pentoxide at 150° with 
incandescence and the separation of carbon. H. Moissan said that an explosion 
oocurs when rubidium or caesium carbide is brought in contact with nitric 
aOid. Lithium carbide burns vigorously, in phosphorus vap., forming the alkali 
phosphide which giveB phosphine with water. C. Matignon observed a similar 
result with sodium carbide ; and with phosphorus. H. Moissan observed that 
at a red heat lithium carbide is decomposed by arsenic, and a mixture of 
rubidium carbide and ersenic inflames when heated. C. Matignon observed that 
oarbon is liberated when sodium carbide is triturated in a mortar with mercury, 
al uminium, lead, or iron ; the reaction may be very vigorous. H. Moissan found 
that when a mixture of calcium and rubidium carbide is heated, in vacuo, rubidium 
distills off. H. Moissan found that molten potassium hydroxide decomposes lithium 
carbide with the development of much heat. The carbides are powerful reducing 
agents, and when mixed with oxidizing agents, explosive mixtures may be formed. 
H. Moissan noted that at 400°, ferric (aide or chromic oxide is reduced by rubidium 
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carbide with the development of much heat ; ferrio oxide is reduoed with incan- 
descence when gently heated with caesium carbide ; at 200 °, lead monoxide' is 
explosively reduced by rubidium carbide, and lithium carbide is reduced with great 
vigour and with incandescence. A. Guntz noted that lithium carbide reduces 
molten lithium chloride to the subchloride, Li 2 Cl. C. Matignon found that when 
sodium carbide is rubbed in a mortar with certain chlorides or iodides* the mixture 
may become incandescent, anjji explode ; the sulphates are reduced when triturated 
with sodium carbide. 

When a soln. of lithium in liquid ammonia is treated with acetylene, H. Moissau 
found that fine crystals of lithium acetylenediamminocarbide, C 2 Li 2 .C 2 H 2 . 2 NH 3 , 
or C 2 HLi.NH$, are formed, which, under a lens, appear to resemble the crystals of 
Iceland spar. The compound readily decomposes into lithium carbide, etc., when 
heated in air or hydrogen ; it burns in contact with water, or chlorine, and also iu 
sulphur dioxide or carbon dioxide. C. Matignon prepared sodium acetylenecarbide, 
C 2 Na 2 .C 2 H 2 , by passing purified and dry acetylene, warmed to the m.p. of sodium, 
over sodium heated by an oil-bath. The last particles of sodium are transformed 
but slowly. H. Moissau made the same compound by passing acetylene over sodium 
hydride — hydrogen is evolved ; the reaction proceeds at —80° ; he also made this 
compound by passing acetylene into a soln. of sodium in liquid ammonia cooled to 
—40° ; the blue liquid becomes colourless, and ethylene is evolved. To obtain 
crystals of the compound, the soln. is cooled to —60° or the ammonia is allowed 
to evaporate. According to M. Skossarewsky, the mol. electrical conductivity of 
sodium acetylide, NaH0 2 (more likely > in liquid ammonia is of the same 

order as that of sodium acetate. II. Moissan made potassium acetylenecarbity, 
C 2 K 2 .C 2 H 2 ; rubidium acetylenecarbide, C 2 Rb 2 .C 2 H 2 ; and caesium acetylene- 
carbide, C 2 Cs 2 .C 2 H 2 , in a similar manner. * ># 

The alkali acetylene carbides all form microscopic, white, rhombic plates 
resembling boric acid ; the crystals are deliquescent. They decompose into the 
simple carbide when heated in vacuo, or in a stream of hydrogen. The rubidium 
and caesium compounds begin to melt with decomposition below 300°. 0. Matignon 
gave for the heat of formation 2C,Uttmo»<i4"H-bNa— C 2 HNa— -29*2 Cals. Dry air 
has no action on rubidium acetylenecarbide, which, when heated in oxygen, inflames. 
The compounds are readily decomposed by water giving the alkali hydroxide and 
acetylene; for the sodium compound, C. Matignon gave C 2 NttH-fH 2 0 
=NaOH -f-ty^gjurb 14 5 Cals. Boiling ether has no action on sodium acetylene 
carbide ; alcohol decomposes it energetically with the formation of sodium ethoxide ; 
and it sinks in ligroin, sp. gr. 0 899, without showing any chemical action. H. Moissau , 
found that caesium acetylenecarbide sinks in benzene and carbon tetrachloride 
without chemical action. 0. Matignon found sodium acetylene carbide* inflames at' 
ordinary temp, in chlorine or bromine ; and if suspended in ligroin, and iodine be 
added, the acetylene is attacked and sodium carbide remains. H. Moissan observed 
that potassium acetylene carbide inflames in chlorine, forming hydrogen Chloride 
and carbon ; the rubidium compound inflames at ordinary temp, in fluorine* 
chlorine, bromine, or iodine vap. ; so also does the caesium compound inflame in 
fluorine and chlorine, but it must be warmed a little before it inflames in bromine 
or iodine vap. Caesium Acetylenecarbide takes fire* in hydrogen chloride. The 
rubidium compound inflames in contact With hydrochloric acid, and it also 
takes fire in contact with molten sulphur. The* potassium compound reacts 
with sulphur dioxide at ordinary temp, and it becomes incandescent ; likewise 
with the caesium compound. The rubidium compound decomposes in contact 
with monohydrated sulphuric add, And burns with a pale flame ; likewise also the 
caesium compound. C. Matignon found the sodium compound can be recrystallized 
from liquid ammonia without change. H. H^oissan found that the caesium compound 
ignites at about 100° in nitrogen peroxide. The caesium compound burns'vigoroualy 
in contact with monohydrated nitric add. The rubidium and c®sium compound* 
become incandescent when warmed ip contact with phosphorus or arsenic. When 
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the potassium compound is warmed with carbon dioxide the mass becomes incan- 
descent. The rubidium compound does not react in the cold, but it does so vigor- 
ously when warmed. Amorphous silicon and boron at about 350° are not attacked 
by the rubidium compound, while at this temp., lead dioxide is reduced explosively, 
and cupric oxide and manganese dioxide are vigorously reduced with incandescence. 
Cupric oxide and lead- dioxide are also reduced explosively by the caesium compound 
at a dull red heat. , 

A. Lagcrmark 3 prepared sodium allylenide, C 3 H 3 Na, by the prolonged action 
of allylene on sodium. 
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§ 14. Th‘e Carbides of the Copper Family of Elements 

The direct action of carbon on copper has been discussed in connection with the 
t last-named element (3. 21 , 6). K. Nischk 1 studied the relative affinities of copper for 
carbon and oxygen, P. Rucktaschel, and W. Hempel made an alloy with 0 3 per 
cent. o$ carbon, but no combination between the two elements was observed. 
E. Brinflr and K, Senglet found that an endothermic copper carbide is formed 
from the elements at a high temp, and the product decomposes at 1600°. O. Ruff 
and B. Bergdahl found the solubility of carbon in oopper to be small. As previously 
cited, J. J. Berzelius’ copper carbide was probably a mixture. There are two carbides 
of copper — cuprous and cupric. Anhydrous cupric carbide has not been prepared. 
In 1858, before the nature of acetylene had been established, J A. Quet prepared 
what was probably cuprous carbide, or cuprous acetylide, Cu 2 C 2 , by passing the gas 
obtained by sparking alcohol vap. though an ammoniacal soln. of cuprous chloride ; 
at)d in the same year, R. Bottgfer obtained it by passing coal gas through an ammoni- 
acal soln. of cuprous ohloride or sulphite, a soln. obtained by shaking copper oxide 
with cone. aq. ammonia, or a soln. of sodium cuprous thiosulphate. M. Berthelot 
showed that the gas obtained by the incomplete combustion of coal gas gives a good 
yield, which, according to A, Romer, is still further improved by bubbling the gas 
through ether before it is burnt. M. .Berthelot prepared a similar compound by 
passing acetylene into an aq. or ammoniacal soln. of cuprous salt. R. Blochmann 
recommended washing the product with aq. ammonia, and drying first in air and 
then over calcium chloride. E. H. Keiser passed acetylene into water carrying 
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cuprous hydroxide in suspension, or into water with finely divided copper in sus- 
pension. M. Kuntzmann said that the intermediate formation of ammoniacal 
cuprous chloride is not necessary, and the washing with ammonia can be eliminated 
by aspirating the gases containing acetylene through liquor-ammonia, and then 
through a cylinder containing copper turnings and ammonia. The red carbide 
forms on the turnings and remains suspended in the liquid, which itself becomes 
blue. The formation of cuprous carbide on the cupriferous parts of acetylene 
generators, and in cupriferous conducting tubes has been discussed by J. Torrey, 

A. Crova, J. NickRs, etc. If the copper is in contact with a sacrificial metal like 
zinc, W. Melentjeff found that the copper carbide is not formed. Cuprous carbide 
can also be ma$e by treating with acetylene a soln. of a cupric salt in contact with a 
reducing agent. Thus, E. Pechard,H. Erdmann and 0. A. W. Makowka, and J. Scheiber 
passed acetylene through a soln. of cupric sulphate and hydroxylamine at 50°, but there 
is no action if the soln. is cold. 0. A. W. Makowka found that in place of hydroxyl- 
amine, hydrazine, hydroquinone, pyrogallol, potassium iodide, arsenious oxide, or 
sulphur dioxide can be used. H. G. Soderbaum, and A. Schierl used a soln. of 
sulphur dioxide and ammoniacal cupric sulphate on a water-bath. The acetylene 
is freed from phosphine by soln. of lead acetate and mercuric chloride. G. S. Johnson 
treated a soln. of glucose and cupric sulphate with acetylene. E. Reboul made 
cuprous carbide by the action of acetylene monobromide on an ammoniacal soln. of 
cuprous chloride ; P. Cazeneuve, by the action of bromoform and zinc dust on an 
ammoniacal soln. of cuprous chloride ; and J, F. Durand, by the action of calcium 
carbide on a soln. of a cuprous salt. 

F. KUspert made colloidal cuprous carbide, by adding an ammoniacal soln. of 
cuprous chloride to an aq. soln. of acetylene, when red colloidal copper carbide is 
formed. This soln. cannot be filtered, but if 0 2 per cent, of gelatine is added, a stable 
colloidal soln. is obtained. 

There have been some differences of opinion as to the composition of the product. 
This may be due to the difficulties involved in preparing cuprous carbide of a high 
degree of purity. E. H. Reiser found that when copper carbide is made by passing 
acetylene into an ammoniacal soln. of cuprous chloride or oxide, or into water with 
finely divided cuprous chloride in suspension, free carbon is present. He said : • 

All attempts to make copper acetylide free from carbon have failed. It appears that when 
acetylene is passed into a cuprous soln., and air or oxygen is present in small quantity, the 
cuprous compound is oxidized to the cupric condition, and there is formed some red cuprous 
acetylide, but at the same time, some of the hydrogen of acetylene or tho copper of the 
precipitate is oxidized, and carbon remains behind. In its preparation, too, owing to ita 
colloidal nature, it is liable to carry down any cuprous and cupric salts which may be present. • 

M. Berthelot represented tho composition of the product dried over calciflm chloride 
by (C 2 HCu 2 )20 — cuproacetyloxide, and if still further dried, C 2 HCu 2 n,Cu 2 0 ; 

A. Schierl found after drying in vacuo over sulphuric acid, or for a month over phos- 
phorus pentoxide, C 2 HCu.CuOH ; J. Scheiber gave HC • C.Cu.Cu.OII ; E. Reboul, 
C 2 HCu ; R. Blochmann, C 2 H 2 Cu 2 0 ; 0. A. W. Makowka, CHCu 2 .C0H ; and 
E. H. Reiser found that the purest specimens, made by the action of acetylene 
upon cuprous hydroxide suspended in water, and making an allowance for the free 
carbon present, had a composition corresponding with C 2 Cu 2 . 

The voluminous precipitate has a red or reddish-brown colour, and when dried, 
it may be brown. N. Ljuba win said that it decomptses when kept for some time, 
forming a substance resembling humus, which M. Berthelot sai<J is insoluble in hydro- 
chloric acid. H. Erdmann and 0. A. W. Makowka found that cuprous carbide can be 
kept unchanged in a sat. aq. soln. of acetylene, but when exposed to air, it gradually 
forms cupric acetate and oxide, but 0. A. W. Makowka could detect no cupric aeetate. 

J. A. Quet, and R. Bottger found that cuprous carbide is explosive ; and it detonates 
by percussion, or when heated over 100°. M. Berthelot said that copper, carbon, 
water, and carbon dioxide and monoxide are formed during the explosion. W . S. Mai* 
said that it can be heated at 60° in .air without explosion y and, as observed by 
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M. Freund and W. S. Mai, if warmed in air or oxygen for some hours it explodes 
when brought in contact with acetylene. It is suggested that Cu 2 O.C 2 H 2 is formed 
which, in contact with acetylene, loses water and then decomposes explosively. 
R. Blochmann said that the red carbide is insoluble in water. 0. A. W. Makowka 
found that when the thoroughly washed carbide is treated in the cold with 30 per cent, 
hydrogen dioxide, some cupric dioxide is formed, oxygen is given off, and an alde- 
hyde derivative, Cu 2 0H.C0H, is produced ; but in alkaline soln. no cupric dioxide is 
produced, and the filtrate, when neutralized with sifiphuric acid, yields a volatile 
organic compound. M. Berthelot found cuprous carbide inflames spontaneously 
in chlorine and carbon separates. It behaves similarly with bromine vap. and 
finely-divided iodine. 

E. Beboul noted a crystalline substance is formed when acetylene is passed into bromine,, 
and A. Saban6eff ascribed to it the formula C 4 H 2 Br 8 , hexabromotetramethylene. A. A..Noyes 
and C. W. Tucker say that the compound is'not formed with acetylene from calcium carbide, 
but it is formed when acetylene is obtained from an ammoniacal soln. of cuprous chloride 
sat. with acetylene. The gas in the latter case is contaminated with diacetylene 
CH : C.C : CH derived from the oxidation of acetylene or cuprous carbide with the inter- 
mediate formation of cuprous diacetylide, Cu.C : C.C : C.Cu ; thus, 2C 2 Cu 2 -f 2CuCl a 
=C 4 Cu 2 -f4CuCl ; and C 4 Cu 2 -}-2HC1=CH : C.C i CH+2CuCl. 

E. Carstanjen and A. Schertel found that cuprous carbide and ethylene iodide 
furnish cuprous iodide, a gas, and an iodiferous crystalline product. R. Chavastelon 
observed that no evolution of gas occurs when the carbide is treated with cold 
hydrochloric acid, but gas is evolved when the mixture is heated ; and, added 

N. Caro, some diacetylene, ethylidene chloride, and a solid hydrocarbon resembling 
ofipreno, C 7 H fl , is formed. M. Berthelot found cuprous carbide is soluble in very dil. 
hydrochloric acid without the development of gas, and a greenish, almost colourless, 
liquid is formed which when nearly neutralized with potassium hydroxide, precipi- 
tates the carbide unchanged ; with hydrochloric acid of sp. gr. 1*1, at ordinary 
temp., only a little gas is developed, but when warmed there is a turbulent evolution 
of acetylene, and cuprous chloride is formed. R. Blochmann said that cone, hydro- 
chloric acid transforms the freshly prepared carbide into cuprous chloride, acetylene, 
anR a little ethylidene chloride. A. Romer found that with hydrochloric acid on a 
water-bath, acetylene is slowly and regularly evolved. A. Romer, and A. A. Noyes 
and C. W. Tucker found some diacetylene to be produced by the action of hydro- 
chloric acid on cuprous carbide ; S. Zeisel, some vinyl chloride ; J. Scheiber, no 
acetaldehyde ; and M. Berthelot, an amorphous black powder. A. Schierl noted 
that cuprous carbide is Recomposed by hydrogen sulphide. M. Berthelot found that 
the carbide is slowly attacked when heated with dil. sulphurous acid. M. Berthelot 
said th^t it ’is soluble in sulphuric acid, and the 1 : 1 acid slowly attacks the carbide. 
R. Botjger, and A. ltomer found that dil. sulphuric acid has no action, but a more 
cone, acid, on the water-bath, develops acetylene, etc. H„ Erdmann and 

O. A. W. Makowka found that an explosion occurs with the cone. acid. They also 
say that cuprous carbide is soluble in aq. ammonia only in the presence of air. 
R. Bottger also made observations on this subject. M. Berthelot found that ethylene 
is formed when the carbide is treated with zinc in the presence of aq. ammonia. 
A. Schierl said the carbide is soluble in soln. of ammonium salts; and M. Berthelot, 
that it is decomposed when boiled* with a solution of ammonium chloride and 
ammonia is evolved. A. Schierl found that the carbide dissolves in cold dil. nitric 
acid ; H. Erdmann and 0. A. W. Makowka, that it is decomposed slowly by nitric acid, 
sp. gr. IT 5, when heated on a water-bath ; and M. Berthelot, that the moist carbide is 
oxidized by nitric acid, but the dried carbide explodes with the separation of carbon. 
E. H. Reiser also found the carbide is decomposed by nitric acid. M. Berthelot, 
H. Erdmann and 0. A. W. Makowka, and H. C. Jones and C. R. Allen noted the 
formation pf acetylene when cuprous ckrbide is heated with a soln. of potassium 

r ttide. M. Berthelot found the carbide is slowly attacked by acetic add ; 
Erdmann and 0. A* W. Makowka say that acetic acid and oxalic add have no 
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action , and A. Schierl said that it is decomposed by acetic and other organio 
acias. R. Bottger, and H. Erdmann and 0. A. W. Makowka say that cuprous 
carbide is insoluble in aq. soln. of alkali hydroxides. Cuprous acetylide gives 
an explosive mixture of silver and silver acetylide when treated with a soln. of 
Silver nitrate ; and a mixture of mercury and mercurous acetylide when treated 
with a soln. of mercurous nitjate. Cuprous carbide forms a number of complex 
salts, thus, M. Berthelot, R. Chavastelon, and K. A. Hofmann and F. KliBpert 
made cuprous chlorocarbide, C 2 H 2 .CuCl 2 , or C 2 HCu 2 Ci-f HCI, or (C 2 H 2 Cu)C1.CuC1 ; 
cuprous oxychtorocarbide, C 2 H 2 .Cu 2 C1 2 .Cu 20 ; potassium cuprous chlorocarbide. 
C 2 H 2 (Cu 2 C1 2 ) 2 KC1 ; and C 2 H 2 [(Cu 2 C12) 2 KC1] 2 ; and M. Berthelot and M. Deldpino 
made cuprous* iodocarbide, C 2 Cu 2 .20uI. M. Berthelot prepared cuprous allylenide, 
possibly CsHsCu: • 

According to A. A. Noyes and C. W. Tucker, cupric carbide, or cupric acetylide, 
CuC 2 , is formed as an intermediate product when cuprous carbide is heated with 
cupric chloride and water. J. F. Durand obtained it as a precipitate by adding 
calcium carbide to an aq. soln. of cupric chloride. F. C. Phillips made the impure 
carbide by passing acetylene into an ammoniacal soln. of cupric chloride. The 
deep red precipitate contains hydrogen and oxygen ; the pure carbide has not been 
made. The product becomes brownish-black when opposed to air ; it is soluble 
in hydrochloric acid, but not if it has been long exposed to air ; and when 
boiled, the soln. gives off acetylene. Cupric acetylide with a soln. of mercurous 
nitrate gives mercurous acetylide ; and with silver nitrate, silver acetylide. 

According to H. (i. Sdderbaum, on passing a stream of the purified acetylene 
into an ammoniacal soln. of either cupric sulphate or nitrate, a black, flncculent 
precipitate is slowly produced. This substance, after being ‘dried over sulphuric 
acid, gave various results on analysis, a fact which was found to be* due to 
the absorption of oxygen from the air during the process of drying ; in an ex- 
hausted desiccator, however, the substance ceased to increase in weight after two 
days, and the analysis corresponded with the formula (Ci 7 Cu 8 H 4 0 )2 ) h . This copper 
acetylide is a black, amorphous powder insoluble in water and organic solvents ; it 
explodes between 70° and 80° when heated, and decomposes quickly on heating 
with hydrogen chloride with formation of the halogen salt of copper, and a carbon- 
aceous residue of the formula (C 12 H 4 0 3 ) n . On passing acetylene into a neutral ot 
faintly acid soln. of copper acetate, a precipitate is formed corresponding in com- 
position with the formula C 4 Cu 4 0-f(II 2 0) n , and differing from the compound 
above mentioned in being stable in the air and non-explosive. It seems, therefore, 
that a large number of copper acetylides are capable of existence. The composition 
of the precipitate produced by acetylene in a dil. ammoniacal soln. of cujfric sulphate 
varies with the temp, at which the precipitation is effected. At 5°, the compound, 
after drying over phosphorus pentoxide, has the composition Oj 4 H 2 Cu ia O 
— (12C 2 Cu-fH 2 0), and is a black powder, which explodes at 50° whan 'quickly 
heated, and is dissolved by potassium cyanide and dil. sulphuric and hydrochloric 
acids, a small amount of a carbonaceous residue being invariably left. At 15°, the 
acetylide contains less copper, whilst the. amount of carbon remains practically 
unaltered. The atomic ratio of carbon to copper, therefore, is at this temp, greater 
than 2:1. ' 

A number of copper hydrocarbides of indefinite composition have been reported. 
H. Erdmann and P. Kdthner obtained what they regarded as a •Kupferaceiylen approxi- 
mating to CujC^Hji, by the action of dry acetylene on copper powder at 230° to 250°. 
P. Sabatier and J. S. Senderens say that cuprelie, C 7 H,, is a gaseous product under these 
conditions. H. Alexander said that the copper of H. Erdmann and P. KSthner’s produot 
is retained mechanically by a hydrocarbon ; F. A. Gooch and D. F. Baldwin also agree 
that the product is only a hydrocarbon or hydrocarbons mixed with copper or copper oxide 

The direct action of carbon on silver has been discussed in connection with the Iasi# 
named element (8. 22, 7). O. Ruff apd B. Bergdahl observed that carbon is slightly 
soluble in molten silver. W. Henjpel and P. t Ruckt^schel made an alloy with 0*4 



854 


INORGANIC AND THEORETICAL CHEMISTRY 


per cent, of carbon. J. L. Gay Lussac’s observation 2 that there is a three per cent, 
increase in weight when silver is heated with lampblack l^as been taken as evidence 
that a silver tetritacarbide , Ag 4 C, is formed ; but, as J. Percy emphasized, the sulphur 
impurities in the lampblack probably accounted for the increase in weight, and the 
evidence for the existence of this compound is of no value. The carbonaceous 
residues obtained when certain organic salts of silver are ignited have been supposed 
to contain a definite carbide because a prolonged calcination did not burn off all the 
carbon. 

C. F. Gerhardt and A. Cahours heated to redness in an open vessel silver cumate, and 
obtained a dull yellow earthy residue with the composition silver hemicartyde, Ag 2 C. Dil. 
nitric acid extracted the silver and left behind carbon. J. von Liebig and J. Redtenbacher 
heated silver cyanide until at a certain stage there was incandescence, nitrogen was evolved, 
and a dull white fused silver carbide remained. They stated that when the carbide was 
heated with access of air, carbon burnt at? the surface, and a layer of silver protected the 
underlying carbide from further oxidation. When treated with nitric acid, silver dissolved 
and a network of carbon remained. No analyses wore made. J. J. Berzelius heated silver 
pyroracemate, and obtained a grey powder which acquired a metallic lustre when burnished. 
When boiled with a soln. of potassium carbonate, washed with water, and ignited in air, the 
composition corresponded with silver carbide , AgC ; and in another experiment the com- 
position was represented by Ag 4 C 3 . H. V. Regnault heated silver malate to 150°, when a 
slight explosion occurred, and^ a dark grey, homogeneous, metallic mass remained. The 
oily matters were removed by washing with a soln. of potassium hydroxide ; then with dil. 
hydrochloric acid ; and with aq. ammonia to remove silver chloride. The dark grey sub- 
stance so obtained, said H. V. Regnault , can be nothing else than silver carbide, and analyses 
agree with the formula AgC. Nitric acid dissolved it with the separation of black flakes of 
charcoal. 

t 

Before the nature of acetylene had been established, J. A. Quet, A. Vogel and 
C. Reisphauer, and R. Bottger observed that an explosive compound of silver is 
formed during the action of pyrogenetic gases on an ammoniacal soln. of silver 
chloride or nitrate, as in the parallel case of cuprous carbide. The relation of the 
explosive compound to acetylene was established by M. Berthelot about 1860. The 
compound was made by M. Miasnikoff, M. Behrend, M. Berthelot, and E. Reboul by 
passing acetylene into an ammoniacal soln. of silver nitrate : C 2 H 2 -}-2Ag(NH 3 )2N0 3 
^=C 2 Ag 2 -f 2NH 4 N0 3 -f 2NH 3 . E. H. Reiser thus described the process : 

Purified acetylene w$ts passed into an ammoniacal soln. of silver nitrate. The precipitate 
was washed by decantation first with water to which ammonia had been added, afterwards 
with water, and finally with alcohol and ether. The precipitate was drained on a funnel by 
means of a filter-pump and quickly transferred to a sulphuric acid desiccator and dried in 
vacuo. The desiccator should be protected from light, and when dry the colour of the 
product is snow-white. 

R. T. Plimpton said that the precipitate from dil. soln. is pale yellow, and that 
from cbnc. soln., yellow ; and G. Arth said that the precipitate from ammoniacal 
soln. is t at first yellow, and then becomes white. If a neutral soln. of silver nitrate 
is used, R. Chavastelon said that the precipitate first formed is a complex silver 
nitratocarbide which passes into the carbide when the action of the acetylene is 
continued. R. Kremann and H. Honel dropped a soln. of acetylene in acetone into 
a 5 per cent, alcoholic soln. of silver nitrate, and the mixture was allowed to stand 
in a well-closed vessel and shaken repeatedly. If an aq. soln. of silver nitrate be 
used, the precipitation is not s^ sharp. 

« The composition of the silver compound was represented by the formula C 2 H2Ag 2 , 
by M. Miasnikoff ; by (C 2 HAg) 2 .Ag 2 0> by E. Reboul, and M. Berend ; by 
(C 2 HAg 2 ) 2 0, by M. Berthelot ; by C^Ag^, by R. Blochmann, and W. Lossen ; 
by C 2 Ag 2 .nH 2 0, by R. T. Plimpton ; and by C 2 Ago, by E. H. Reiser, R. Chavastelon, 
f. Brandstatter, L. Knorr and H. Mathes, and M. Berthelot and M. Del4pine. Silver 
carbide is & snow-white amorphous ponder. M. Berthelot and M. Del^pine found 
the heat of formation to be C 2 H 2so i n .H-2Ag(NH3) 2 N03 S ^ n .~C 2 Ag 2 -p2NH 4 NOg 4 oin. 
4-2NH 8w j n .-l-I5'55 Cal?. ; or C 2 H 2 +Ag 2 0=C 2 Ag 2 -f-H 2 0-f 22 25 Cals, with gaseous 
acetylene and water, and 32*95 Cals, with acetylene in soln. and liquid water. Hence, 
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with diamond carbon : 2C-{ 2Ag -- C 2 Ag 2 - 87' 15 Cals. The explosiveness of silver 
carbide is thus connected with its endothermal formation. The carbide readily 
explodes when dry, and R. Blochmann found it. to be as explosive as cuprous carbide ; 

^ ecom P 08e8 * n contact with hydrochloric acid, forming acetylene and silver 
chloride ; and it gradually becomes grey when exposed to light. (\ W. B. Normand 
and A. C. Cumming found that about 2 gram-atoms of iodine are consumed per 
jpam-atom of silver, and silver iodide, C 4 H 2 I 2 , etc., are formed. The reaction has 
been studied by M. Berend, and A. Bayer. G. Arth found that it dissolves in an aq. 
soln. of potassium cyanide with the evolution of acetylene. J. F. Durand obtained 
explosive silver nitratocarbide, Ag 2 0 2 .AgN0 3 , by adding calcium carbide to silver 
nitrate soln.* Mercurous acetylide precipitates silver acetylide from aq. soln. of 
silver nitrate. Silver acetylide has no action on aq. soln. of cupric., mercurous, or 
merduric nitrates. 

Silver carbide forms complexes with other silver salts, e.g. J. A. Nieuwland and 
J. A. Maguire prepared silver fluocarbide ; M. Berthelot, and 0. Willgerodt, silver 
chlorocarbide, C 2 Ag 2 .AgCl, and 20 2 Ag 2 .AgCl ; M. Berthelot, silver iodocarbide, 
Ag 2 0 2 .2AgI ; J. A. Nieuwland and J. A. Maguire, silver perchloratocarbide ; and 
silver bromatocarbide ; M. Berthelot, and R. T. Plimpton, silver sulphatocarbide* 
2Ag 2 C 2 .Ag 2 S0 4 ; G. Arth, R. Chavastelon, A. Vogel and (\ Reischauer, E. H. Reiser, 
and R. T. Plimpton, silver nitratocarbide* Ag 2 ( 2 .AgN0 3 ; C. Willgerodt, silver 
nitratohydrocarbide, AgHC 2 .AgN0 3 ; R. Cavastelon and R. T. Plimpton, silver 
dinitratocarbide, Ag 2 C 2 .2AgN0 3 ; J. A. Nieuwland and J. A. Maguire, silver phos- 
phatocarbide ; A. E. Edwards and W. R. Hodgkinson, silver chiomatocarbide, 
C 2 Ag 2 .AgCr0 4 .H 2 0. C. Liebermann made silver allylenide, C 3 H 3 Ag. 

The direct action of carbon on gold has been discussed in connection with that 
metal (3. 23, 6). 0. Ruflf and B. Bergdahl 3 observed the slight solubility of carbon in 
gold. W. Hempel and P. Rucktaschel prepared an alloy w 7 ith 0 31 per cent, of carbon. 
R. Bottger obtained an explosive compound by the action of pyroge.nctic gases on 
soln. of auric chloride. F. C. Phillips said that auric chloride soln. are reduced to gold 
by acetylene, but, added J. A. Mathews and L. L. Watters, no precipitate is produced 
if the soln. be made alkaline with potassium hydroxide ; nor does any precipitation 
occur with soln. of potassium cyanoaurate. According to M. Berthelot, if acetylene 
be passed through a soln. of aurous thiosulphate, a yellow explosive compound is 
formed ; and J. A. Mathews and L. L. Watters found that the product obtained by 
passing acetylene into a soln. of sod'um aurous thiosulphate is aaroiu carbide* 
Au 2 C 2 . Aurous carbide forms yellow flakes which are highly explosive by percussion, 
brushing with a camel’s-hair brush, or by rapid heating. If heated very slowly^ 
it can be decomposed without explosion. Aurous carbide is decomposed by hydro- 
chloric acid, giving off acetylene, and leaving a black residue of aurous chloride. 
Cold water has no action, but when boiled with water, aurous carbide is dfcoomposed 
into its constituents without forming acetylene. Soln. of cuprous sulphate and 
neutral ferric chloride do not decompose it in the cold, but if boiled, decomposition 
without explosion occurs. 
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§ 15. The Carbides of the Alkaline Earths 

After E. Davy 1 had prepared his carburet of potassium, R. r Hare, in 1839, 
experimented on the preparation of calcium by heating an organic salt of calcium 
— e.g. calcium acetate — or a mixture of calcium oxide and sugar charcoal ; he 
found that when mercuric cyanide is heated with lime, a black mass containing 
carbon is produced. When these mixtures were heated in the electric arc, there 
was formed a grey mass containing some free carbon, which oxidized in air, and when 
treated with water gave a gas with an unpleasant smell. The product must have been 
an impure calcium or mercury larbide. H. Debray and H. St. C. Deville also seem 
to lave prepared a similar product by melting lime and coal in the oxy-hydrogen 
furnace. In 1862, F. Wohler prepared what he called Kohlenstoffcalcium by heating 
as”” r *Jcjum and zinc with carbon, and he identified the gas which was evolved 

onT° f ^ x i' statec * * n 188(5 that in the electric furnace the oxides, not 

and}) n w _^tal8, but also those of calcium, magnesium, aluminium, silicon, 

• ioQ? r0n ’ in to© P r ^at^ ence °* ^toon can be reduced to form carbides. W. Borchers 
by el f C ’°^ C ^ e d toa k ft “ all the oxides are capable of being reduced by carbon heated 
/ ectnoity, ” and a^ though he does not mention calcium catbide, yet, after the com- 
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mercial importance of this carbide had been established, he claimed that he had 
obtained calcium carbide, CaC 2 , but drew no attention to it since he was seeking for 
the metals. This claim for priority has no bearing on the history of our knowledge 
of calcium carbide. L. K. Boehm said that he had made calcium carbide in 1891, 
by heating carbon and the alkaline earth by means of an electric current. It is 
evident from all this that calcium carbide had been made in electric furnaces more 
or less as an accidental product, but it was then of no commercial importance. 

T. L. Willson first made calcium carbide and grasped the importance of this 
compound as a means of preparing acetylene so as to bring it within the range of 
commercial utility. The general history of calcium carbide has been described by 
D. Korda, F. *Liedbetanz, V. B. Lewes, J. H. Vogel, R. Pitival, etc. Early in 1892, 

T. L. Willson attempted to reduce magnesium and calcium oxides to the metallic 
state *in the electric furnace, in order to utilize these metals in the reduction of 
alumina. 

In attempting to reduce lime by carbon, ho obtained a fused bath which caused a abort* 
circuiting of the current, and to prevent which he added a layer of carbon which prevented 
the splashing of the bubbling liquid against the sides of the electrodes. He produced in 
this way calcium carbide as a hard crystalline mass which disintegrated and crumbled on 
exposure to the air, and gave rise to a violent evolution of gas when brought in contact 
with water. The gas burnt with a very smoky flame. 

The publication by A. 0. Frazer of the correspondence with Lord Kelvin, and a 
report by F. P. Venable show that the carbide was made by electric smelting about 
the middle of 1892, but the issue of a patent in Feb. 21st, 1893, was the first publio 
announcement of this work. Meanwhile, L. Maquenn^ studied the observations 
of C. Winkler (i) on the reduction of the alkaline earth carbonate by magnesium, 
CaC0 3 -f-3Mg 3MgO-f C+Ca, and (ii) the residue when treated with Water gave off 
hydrogen with a disagreeable smell. L. Maquenne prepared barium carbide by the 
action of magnesium on a mixture of barium carbonate and retort carbon : BaC0 3 
-f 3Mg-fC=BaC 2 +3MgO ; and stated that the reaction is successful only with barium 
carbonate ; for the others, particularly calcium carbonate, are only partially attacked, 
and give on treatment with water a mixture of hydrogen and a little acetyleno. 

At the end of 1892, H. Moissan published an account of the formation in the electric 
furnace of a fusible calcium carbide. He said : 

If the temp, reaches 3000°, calcium oxide is rapidly reduced by carbon, and the metal 
is set free in large quantities ; it combines readily with the carbon of the electrodes, forming , 
a calcium carbide which is liquid at a red heat, and so is easily collected, 

» 

Later, he added that at the high temp, of the electric furnace, only* a, single 
compound of carbon and calcium can exist ; this compound is crystalline, and its 
analysis corresponds with CaC 2 . L. M. Bul- 
lier applied for a patent for the prepara- 
tion of the carbides of the alkaline earths 
based on H. Moissan’s researches. H. Mois- , 

Ban’s experiments were made in an arc Rdwmdtentil 
furnace resembling Figs. 4 and 5. H. Mois- Fus \ dcAr ^ 

Ban thus describes the preparation of the j 
carbide: ^ 0 

An intimate mixture of 120 grms. of cal- Fig. 21. — Calcium Carbide Furnace 
cium oxide made from marble and 70 gntia. of (Diagrammatic), 

a n gar charcoal is heated in the crucible of the 

electric arc furnace. A slight excess of lime is purposely allowed since the crucible supplies 
some of the carbon required for the carbide jef an excess of lime is used, calcium is the 
chief product. Calcium carbonate can be substituted for the lime, but not with* advantage, 
because of the large vol. of the substance employed. The yield is 120-160 grms. A lime* 
containing magnesia yields carbide only with difficulty because magnesium carbide is not 
readily made, and the magnesia then ret&rds the fusion. 
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E. Botolfsen has studied the direct combination of carbon and calcium. No 
combination could be detected by heating the two elements in vacuo at 700° — 
i.e. below the m.p. of the metal — during 50 hrs. Carbide was formed when fused 
calcium was heated in contact with carbon, but, owing to the distillation of 
the calcium, only traces were produced. If heated to 850° in an atm. of argon 
at normal press., no increase in the yield of carbide was observed. If, however, 
carbon be heated with an excess of calcium to 850°-870° in contact with 
calcium vapour, only 17 per cent, of the carbon remains uncombined ; and 
at 925°-975°, all the carbon had combined in 45 hrs. No trace of a calcium 
subcarbide was observed. H. Moissan made calcium carbide by the action of 
calcium -ammonium on acetylene. L. Hackspill and E. Botolfsen fotfid the product 
is impure. 

The electric current, said F. Kruger, plays no part in the production of 
calcium carbide other than as a means of obtaining a high temp. H. Moissan 
found the carbide is decomposed if the temp, be too high. H. J. Krause and 
•T- Y. Yee said that the reduction of the calcium oxide and the evolution 
of carbon monoxide begins at about 1200°. Y. Rothmund said that the reaction 
begins at 1620° when the partial press, of the carbon monoxide is one-fifth 
(M. de K. Thompson says that this should be one-third) of an atm. ; at temp, below 
1620° in the presence of carbon monoxide, some carbide is decomposed. The temp, 
of formation may be reduced by decreasing the partial press, of the carbon mon- 
oxide. C. Diesler said that good yields can be obtained at 1600° by working at high 
press. E. Rudolfi gave 1800°-1819° for the temp, of formation with the partial 
press, of carbon monoxide one-fifth of an atm. A. Dampen said that below 1700° 
he could detect no carbide formation with certainty ; at 1725°, there were traces 
of carbide formed ; and at 1800°, the mass fused and much acetylene was evolved 
when the product was treated with water. W. Borchers said that “ the reactions 
taking place in the production of calcium carbide are CaO-f-C=Ca-f CO, and 
Ca-f 2C=CaC 2 . The second reaction was discovered by F. Wohler.” The carbons 
are corroded badly about 6 ins. below the surface of the mixture when the 
carbons were immersed about a foot in the mixture. G. Gin suggests that free 
oxygen is found in the gases produced in the hottest portions of a calcium carbide 
furnace, whilst calcium vap. is found in cooler portions of the furnace. It was 
suggested that these substances may be formed by the reactions 2CaO -f- 4C — 2CaC 2 -f 0 2 
and CaC 2 -f 2CaO=3Ca-f 2CO, the temp, in the hottest zones of the furnace being 
higher than the dissociation temp, of carbon monoxide. According to C. Bingham, 

1 the corrosion of the carbons has been attributed to the action of air on the carbons 
owing 4 to the latter being raised to a high temp, by the heat (i) produced by the 
combu^tiop of carbon monoxide on the surface of the charge ; (ii) produced by 
ohmic resistance ; and (iii) carried by conduction from the hot zone by the carbons 
themselves. R. S. Hutton and J. E. Petavel showed that if the carbon is com- 
pletely burned in the raw material, and the furnace made completely gas-tight so 
that no air can enter, there is very little consumption of carbon. The subject has 
also been discussed by O. Ruff and O. Geocke ; and the power consumption by 
H. Furusaki. J. Leede recommended making the charge by coking a mixture of 
lime with a hydrocarbon-pitch, asphaltum, etc. H. L. Hartenstein, and L. Landin 
used a similar process, and ^lso recommended adding a little calcium chloride or 
fluoride to make the product more fusible. T. L. Willson previously said that he 
obtained “ the best results by infusing the lime in tar, and then subjecting the mixture 
to the electric arc.” One type of furnace employed on a large scale is illustrated 
diagrammatically by Fig. 20. The general manufacture has been described by 
J. Baumann, J. H. Reid, F. L. Slocum, F. E. Norton, O. Rufl and E. Forster, 
C. Bingham, V. B. Lewes, J. H. Vogfel, F. Liedbetanz, B. Waeser, P. Schl&pfer, 

( P. Wangemann, etc. J. H. Reid degasified a mixture of pulverized calcium 
carbonate and coal, and passed it on, while still hot, to an electric furnace, where 
it yielded calcium carbide and carbon monoxide. If required, the carbide was run 
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into water, and the gaseous products passed through the furnace chamber so as to 
collect hydrocarbons like methane, ethylacetyleuo, niethylalleue, etc. 

A great many varieties of furnace and a great many modifications in the details 
of manufacture have been proposed. Many of these proposals are still-born — 
e.g. R. P. Pictet heated the mixture in a shaft furnace by a ring of tuyeres 
burning water-gas mixed with air, and below that, the mixture was heated in the 
electric arc at 3000°; the* resulting calcium carbide flowed to the bottom of 
the furnace. F. Sebald added a little lepd or tin to make the furnace charge 
conduct better. 


Instead of* using calcium oxide or carbonate, E. Jacobsen, and 0. M. J. Limb used a 
mixture of calcium sulphate or sulphide and carbon ; R. C. Baker used calcium borate or 
pandermite and Obtained calcium carbide and boride ; and H. Hilbert and A. Frank used 
calcium phosphate: Ca s (POdj + 14C~3CaC^-b2P + SCO. M. W. Travers prepared 
calcium carbide without electric heating by melting sodium with an intimate mixture of 
calcium chloride and retort carbon in an iron crucible for half an hour ; and P. Wolff in- 
flamed a mixture of calcium oxide, carbon, and aluminium oa in the thermito process. 

The product obtained in the earlier stages of the industry was very impure until it 
was recognized that special care must be taken in thechoiceof raw materials. The lime 
may contain silicates, phosphates, and sulphates, and these may appear in the carbide 
as silicides, sulphides, and phosphides, which are decomposable by water, yielding 
acetylene contaminated with hydrogen, hydrogen sulphide and phosphide. Nitrides, 
which contaminate the gas with ammonia, may also be formed. The impurities in 
the carbide have been discussed by 0. Willgerodt, 2 J. de Brians, E. Hubou, H. Girand, 
N. Caro, F. B. Ahrens, L. M. Bullier and M. Perrodil, E. Chuard, A. Bergd and 
A. Reychler, etc. Commercial calcium carbide contains as accessory constituents 
some cyanamide, unconverted carbon, crystallized alumina (corundum), and 
calcium oxide. J. H. Vogel gave analyses of some of the earlier commercial 
carbides. The following are selected from his list : 


OaCj 

C 

CaO(COj) 

SI 

P 

8 

N 

*V> 3 

M«0 

AljOj 

83-23 

6-12 

6*62 

0-32 

0-000 

0-020 

2020 

2-31 

0-32 

0-2* 

9012 

2-3(1 

4-42 

1-32 

0 005 

0-032 

0-01 

103 . 

0-005 

0-2(1 


Some of the more recent products have over 95 per cent. (JaC 2 . Silicon is present 
as calcium or iron silicide (H. le Chatelier, F. Wohler, H. Moissan, F. B. Ahrens, 
0. Hackl) ; silicon (R. S. Marsden) ; silica crystals (H. Moissan) ; carborundum 
(H. Moissan) ; and ferrosilicon — vide iron ; sulphur, as calcium or aluminium * 
sulphide (H, Moissan, G. Dollner and E. Jacobsen, A. Mourlot) ; iron * as silicide, 
phosphide, or carbosilicide or ferrosilicon (H. Moissan, G. Hanekop) ; phosphorus, 
as calcium or irgn phosphide (H. Moissan, A. P. Lidoff) ; calcium, as free oxide, sul- 
phide, phosphide, etc. (J. H. Vogel) ; aluminium , as sulphide ; arsenic (J. H, Vogel) ; 
cyanides and nitrides (A. Rossel, L. Franck, H. Bamberger, N. Caro) ; and carbon 
is found as graphite. H. Giraud reported minute crystals in the insoluble 
residue remaining after the carbide had been treated with water, but H. Moissan 
could find no diamonds. -Several methods* have beei) proposed — by H. L. Harten- 
stein, 3 C. J. Lundstrom, J. von Orlowsky, W. Jtathenau, E. Ztihl and R. Eisemann, 
etc. — for eliminating impurities as slags. 4 

K. Nischk 4 studied the formation of the carbines of calcium, strontium, amd 
barium. In 1892, L. Maquenn4 made an impure barium ca&bide, BaC 2 , by fusing 
together barium carbonate (26 grms.), powdered magnesium (10*5 grms.), and retort 
carbon (4 grms.), when an intense reaction occurred, BaC0 ;1 -f 3Mg-f C=3MgO-f BaC 2 . 
The mixture of magnesia and barium carbide gave acetylene when treated with 
water. He also made it by heating bariuA amalgam with powdered carbon in an 
atm. of hydrogen ; the reaction begins at a red heat. He also made the carbide 
by heating barium nitride with carbon. H. Moissan, and L. M- Bullier made barium 
carbide by heating a mixture of su^ar charcoal and barium oxide or carbonate in an 
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electric arc furnace. H. Moissan made strontium carbide, SrCg, in a similar manner. 
C. M. J. Limb made barium carbonate by heating native barium manganate, 
i.e. psilomelane, at a high temp, with carbon. 

H. Moissan established the composition of the three alkaline earth carbides by analysis. 
Arguments 5 as to whether calcium carbide is or is not a fine chemical are futile until the 
disputants have agreed as to the definition of a fine chemical. Similarly, it is a waste of 
time to discuss whether calcium carbide is or is not an organic compound until it is decided 
what is an organic compound. E.g. if organic chemistry be the chemistry of carbon com- 
pounds, then the carbonates, carbides, cancrinite (silicate), cast iron, etc., would belong to 
that department of chemistry. When the definition is settled, there will probably be no 
need for argument. Without sharp-cut definitions the opponents in this type of disputation 
cross rapiers without touching one another. Each fights his own shadow. 

The properties of calcium, strontium, and barium carbides.— The prevailing 
colours of commercial calcium carbide are black, reddish-black, or reddish-brown, 
and less commonly yellowish-red or brown. These colours are attributed by 
H. Moissan 6 to the presence of iron. E. Wedekind, and H. Moissan said that a mere 
trace suffices to produce both the coloration and a lustrous iridescent sheen. There 
may be a bluish or purplish iridescence on the surface. The carbide with streaks of 
a darker colour than the remaining mass owes its colour to the overheating of the 
furnace which has caused the separation of amorphous carbon, and volatilization of 
calcium. According to H. Moissan, and E. Botolfsen, if quite free from iron, calcium 
carbide is white, and as transparent as sodium chloride. The mass cleaves readily 
and has a crystalline fracture. The carbide which has been cooled slowly is coarsely 
crystalline ; and that which has quickly chilled has a steel-like fracture, with a 
fine, almost invisible, grain. The crystals do not belong to the cubic system. Accord- 
ing to C.*H. Warren, the cleavages are cubic, being nearly equal and parallel to three 
directions at right angles to one another. The fresh cleavage surfaces may show 
striations, which indicate that the crystals are built up from a series of thin plates. 
The thin sections in transmitted light may appear colourless, greenish-yellow, 
purplish-red, or lilac-yellow. There is a slight pleochroism. The complex polysyn- 
thefic twinning is parallel to the diagonals approximately at 45° to the pinacoids. 
The dodecahedral twinning appears to be mimetic, so that, geometrically, the crystals 
are pseudo-cubic. The double refraction, rectangular cleavage, and parallel extinc- 
tion correspond with either the tetragonal or rhombic system — probably the latter. 
The index of refraction exceeds 175 ; and the double refraction is strong, being 
nearly 6*050. The optical extinction is generally parallel to the rectangular cleav- 
ages, but with a yellowish carbide, the extinction may be inclined 12° to 24° with the 
rectangular * cleavages. The interference figures resemble the so-called uniaxial 
figures., r According to H. Moissan, the specific gravity of calcium carbide is 2*22 at 
18° ; that of strontium carbide, 3*19 ; and that of barium carbide, 3*75. H. Moissan 
said that platinum may be melted in contact with the solid carbide. H. M. Kahn 
found barium carbide fused at a lower temp, than the other alkaline earth carbides. 
As indicated above, there is evidence that the carbide decomposes at a high temp., 
but no change occurs at the temp, of molten platinum. E. Botolfsen found that 
calcium carbide dissociated when heated to 1050° for 3 hJs., and a deposit of finely 
divided metallic calcium was obtained ; the carbon united with the iron containing 
vessel, forming iron tritacarbicK M. de K. Thompson said that the decomposition 
ofcalcium carbide inty) its elements is appreciable a little above 1475°. E. Tiede 
and E. Birnbrauer gave 800° for the dissociation temperature. V. Ehrlich, 
and G. Erlwein and co-workers concluded that calcium carbide, when heated, 
dissociates into calcium subcarbide , CaC, and carbon ; E. Briner and A. Kurhne 
found no evidence of a subcarbide, and concluded that the carbide dissociates into 
its elements; G. Bredig could identify neither a subcarbide nor calcium as a 
product of the decomposition ; E. Botolfsen identified volatilised calcium ; O. Ruff 
and E. Forster obtained no evidence of the existence of a subcarbide; and 
H. J. Erase and J. Y. Yee showed that above ,1100°, there is an appreciable vap. 
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press, of calcium, and that assuming the reaction is CaC 2 F*Ua-f2U, they found 
data in agreement with 

1000* 1100* 1200° 1301)° 

0 liberated . . . 0*00 3*68 1*12 22*32 

G. Gin and M; Leloux observed a similar decomposition of the other alkaline 
earth carbides. The decomposition of barium carbide occurs at a lower temp, than 
the volatilization temp, of *carbon. The carbides themselves are non-volatile. 
The specific heat has not been determined, but B. Carlson calculated from tho 
additive rule : 

0° 1000° 1500° 2000° 2500' 3000° 3500° 

Sp. ht. . 6*247 0*271 0*296 0*326 0*344 0*363 0 381 

Mol. ht. . 16*92 18*36 19*68 20*80 22*02 23*24 24*42 

0. Ruff and E. Forster gave 2300° for the melting point of calcium carbide, 
and they found that, owing to the dissociation CaC^CavaiKmrd-Cgrapiiit^ the 
vapour pressure, p mm., in an atm. of the calcium vapour is 

2025° 2200° 2235° 2325° 2403° 2425“ *2J8(J° 2500° 

p . 12 26 128 228 641 631 766 780 

so that the dissoc. press, of calcium carbide is 760 mm. at 2500" ±50°, and 1 mm. 
at 1825° ±50°. A. Guntz and H. Basset gave for the heat of formation from 
diamond carbon and solid calcium : Ca-f 2C=CaC 2 +13 , 15 Cals. R. de Forcrand 
gave —7 '25 Cals., and with amorphous carbon —O’ 65 Cal. for calcium carbide, and 
—7 25 Cals, and — 0'65 Cal. respectively for barium carbide. For the heat of for- 
mation of the latter from its gaseous elements he gave 76*65 Cals. O. Ruff and 
E. Forster gave CaO+CVCa-f CO-120 Cals., Ca+2C^CaC 2 + 13-15 Cals.; 
CaO+3CVCaC 2 +CO-97 Cals.; and 2CaO+CaC 2 ^3Ca+2CO + 143 Cals. The 
temp, of formation has been already discussed. According to G. Hanekop, the 
electrical conductivity of the molten carbide is from ^—th to fi ~th of that of 
mercury, and that of the solid carbide is still smaller. 

Neither F. P. Venable and T. Clarke, nor H. Moissan observed any reaction 
between dry hydrogen on cold, or on heated, calcium carbide ; and they found tnat 
dry oxygen reacts with the heated carbide at a dull red heat with incandescence, 
forming calcium carbonate and carbon dioxide; but 0. RufPand E. Forster found 
that an appreciable quantity of acetylene, CaC 2 -)-H 2 v ::i Ca-f C 2 H 2 , is formed at 2200°. 
Calcium carbide disintegrates and crumbles on exposure to ordinary air, but not to 
dried air ; hence it is preserved by immersion in oil— say kerosine— or in air-tight > 
tins. Like sodium and potassium, it gives rise to a violent evolution pf gas when 
in contact with water. H. Moissan showed that if a fragment of this carbide bo 
passed into a eudiometer tube filled with mercury, and then a few cubic centimeters 
of water introduced, a violent evolution of gas is produced, which only ceases when 
all the carbide is decomposed, calcium hydroxide remaining suspended in the liquid. 
The gas evolved is pure acetylene, completely absorbed by ammoniacal cuprous 
chloride, and leaving an almost imperceptible trace of impurity at the top of the 
tube. This decomposition by water takes -place with evolution of heat, but with- 
out ever reaching the poiAt of incandescence. It is nevertheless as vigorous as 
the reaction between sodium and water. Frotfi the weight of the carbide taken in 
the experiment and the vol. of the gas produced? the reaction appears to be 
represented by CaC 2 d-2H 2 0— C 2 H 2 -{-Ca(OH) 2 . O. Ruff and-E. Forster found that 
at 250° water vapour forms acetylene and calcium oxide, but at dull redness, 
calcium oxide, carbon, and hydrogen': CaC 2 -(-H 2 CN=^CaO -f-2C -f H 2 , 

C. H. Warren thus describes the slow decomposition of tho carbide by water as it appears 
under the microscope using thin rectangular ckfcvage fragments, immersed in a mixture of 
glycerol and water so that the decomposition may be slow enough to prevent effervescence. 
With crossed nicols, the margins of the grains appear gradually to lose their strong inter-'" 
ferencs colours, and a rim of feebly ^birefrmgent material begins to develop. The 
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corners change more quickly than the sides, so that the unchanged carbide assumes a circular 
or elliptical outline which constantly diminishes in size until the entire grain has changed 
to feebly refracting calcium hydroxide. During this change, the structural appearance 
of the grain does not alter, and the cleavage cracks and twinning lines remain. If enough 
water is present, the calcium hydroxide may finally dissolve. The change seems to involve 
the passage of one crystalline substance into another without immediately breaking down 
the essential crystal structure, so that OH-groups take the place of the carbon atoms. This 
phenomenon recalls the preservation of the cr>stalline structure of some zeolites during 
dehydration. * 

According to H. Moissan, at room temp, the alkaline earth carbide takes fire 
in fluorine gas, forming calcium and carbon fluorides. F. P. Venable and T. Clarke 
found that calcium carbide is not attacked by chlorine in the cold, bqt at 245°, the 
carbide becomes incandescent, forming calcium and carbon chlorides. A. Frank 
stated that when calcium, barium, and strontium carbides are hearted in a stream 
of chlorine, graphite carbon separates outf, but the yield is much less than the theo- 
retical. According to H. Moissan, and F. P. Venable and T. Clarke, bromine reacts at 
350°, and iodine decomposes the carbide at 305°, with incandescence. H. Moissan 
compared the temp, of incandescence of the three alkaline earth carbides with the 
dried halogens. 



Chlorlno 

Bromine 

Iodine 

Calcium carbide . 

. 245° 

350° 

305° 

Strontium carbide 

. 197° 

174° 

182° 

Barium carbide 

. 140° 

130° 

122° 


E. Barnes found liquid bromine acts slowly on calcium carbide at ordinary 
temp., forming carbon hexabromide and calcium bromide, but dry chlorine had 
no* action at ordinary temp, on two months’ exposure. In a sealed tube at 100°, 
bromine and calcium, carbide form carbon and calcium bromide. According to 
H. Mois&n, barium carbide combines with iodine at a lower temp, than that at 
which it is attacked by chlorine or bromine ; this is the reverse of what occurs with 
calcium carbide. H. Moissan showed that with dil. or cone, acids, the alkaline earth 
carbides decompose with the evolution of acetylene ; the carbides become incan- 
descent when warmed in hydrogen chloride, and much hydrogen is formed. Calcium 
and strontium carbides become incandescent in sulphur vap. at about 500°, barium 
carbide at 150°, and the alkaline earth sulphide and disulphide are formed. Similar 
results were obtained with selenium vap. Fuming sulphuric acid slowly attacks 
the alkaline earth carbides. Fused calcium carbide dissolves carbon and gives it 
up as graphite on cooling ; H. M. Kahn’s observations have been indicated in 
connection with carbon, and he obtained similar results with the other carbides of 
the alkaline earths. A. Frank found that when calcium, strontium, or barium 
carbide js heated in a current of carbon monoxide or dioxide, carbon separates 
in the , form of graphite : CaC 2 -f COT^CaO+3C ; the reaction is reversible 
and progresses from right to left above 1600°, and at lower teny>. it goes from 
left to right. O. Buff and E. Forster represented the reaction at about 1700°, 
CaC 2 4-CO-»CaO-h3C. V. Rothmund, and C. A. Hansen also studied this reaction. 
M. de K. Thompson found the partial press, of carbon monoxide in the reversible 
reaction : CaO-f 3Cr= i CaC2-hC(), at 1445° and 1475°— below 1445° the partial 
press, is too small to measure conveniently, and above 1475° the carbide dis- 
sociates CaC 2 r=*Ca-f 2C. The partial* press, at 1445° is 0*44 mm. and at 1475°, 
0*82 ±0*02 mm. From the equation log at room temp., 

0=5:121,000, and the negative temp, coeff. of 3 3 cals, per degree gives for 6° 
above the room temp., 0—121,000— 3'3d ; at 1460°, 0=116,000 Cals. The heat- 
change is negative in passing from left to right of the given equation. The free 
energy of the reaction at 1475° is+23,700 cals., and it decreases as the temp, rises 
to 1920° ; above that temp, there is, an increase. Assuming the mean values of 
0, the equilibrium press., p, of the fcarbon monoxide calculated for different 
temp. is 

1475 ° 1575 ° 1675 ® 1775 ® 1875 ° 1975 ° 

p . . 0-08 0*60 2 53 10’ 7 10*5 1330 mm. 
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tfiOO° ZfiOf 
Temperature 

Fid. 22. — Equilibrium Pros- 
Hure of (Carbon Monoxide, 
CaO f SC^CaCuH-CO. 


The results are graphed in Fig. 22. H. Moissan found that when a mixture of calcium 
carbide and alcohol is heatqd in a sealed tube, calcium ethoxide and acetylene 
are formed : CaC 2 +2C 2 H 5 0H=(C 2 H 6 0)oCa+C 2 H 2 . He also said that the 
carbide is insoluble in the reagents— carbon disulphide, petroleum, or beniene. 

P. Lefebure found the primary reaction of calcium carbide on amyl chloride is: 
2C5H 11 Cl-f-CaC 2 ->C 2 H 2 -f2C 5 H 10 -f CaCl 2 , but a complex 
series of changes follows on. # D. Sandmann found that pefn. 
potassium thiocyanate reacted with calcium carbide : 60 
CaC 2 +5KSCy=CaS 5 +5KCy+2C. H. Moissan detected 
no signs of a reaction between the alkaline earth car- 
bides and silicon or boron at a white heat ; silica yields 
silicon carbide. H. C. Geemuyden found that boron 
trioxide is reduced by calcium carbide in an electric 
furnace, and calcium boride is formed. 

H. Moissan observed no reaction between the alkaline 
earth carbides and nitrogen at 1200°, but A. Frank, and 
N. Caro showed that at 700° -800°, dry nitrogen changes 
barium carbide into barium cyanide and cyanamide in 
the proportions 30:70; the reactions are represented : 

BaC 2 -FN« 2 --Ba(CN) 2 ; and Ba(CN ) 2 — BaN 2 C -f C. The 
reaction is utilized in the preparation of cyanides. Calcium carbide forms the 
cyanamide at 1 100°-1 200°, and when the resulting calcium cyanamide, CaN 2 C, is 
fused with alkali salts, in the presence of carbon, alkali cyanide is formed. 
According to N. Caro, at atm. press., the reaction CaC 2 -f-N 2 =C-f CaNoO, is re- 
versed at about 1360°, but if free lime is present, the reversal occurs at a lower 
temp. Thus, M. le Blanc and M. Eschmann found that with a 75 per eent./*alcium 
carbide, the reversal occurs at 1150°. O. Ruff and E. Forster investigated the 
reaction between nitrogen and calcium cyanamide. The cyanamide formed above 
1100° begins to decompose at 1200°. A. Remele and B. Rassow studied the nature 
of the carbon formed in this reaction. M. de K. Thompson and R. H. Lombard, 

V. Ehrlich, and H. J. Krase and ,J. Y. Yce studied the equilibrium conditions 
with different press, of nitrogen ; there is a disturbance owing to the volatilisa- 
tion of the cyanamide at 1050°. Owing to the reversibility of the reaction, 
nitrogen is not taken up by fused calcium carbide as ft leaves the furnace 
since the cyanamide cannot exist at the temp, of the fused carbide. As the 
carbide cools, it becomes impermeable to gases, and absorption occurs only on a 
thin surface film. H. Moissan passed acetylene into a soln. of calcium in liquid' « 
ammonia, and obtained calcium tetrammino-acetylenecarbide, CaC 2 .(LH 2 .4NH 3 . 

E. Botolfsen also prepared the same compound, and found that when hdfcted to 
150°, or even to 700°, the solid residue contains calcium carbide, hydride, "cyanide, 
nitride, and cyanamide. R. Salvadori found that at about 650*, calcium 
carbide and ammonia begin to react according to the equation CaC 2 -F4NH 8 
=CaCN 2 +NH4CN-|-4H2. The reaction takes place in two stages, in the first of 
which the calcium carbide and the nitrogen formed by the decomposition of the 
ammonia interact forming calcium cyanamide : CaC 2 -fN 2 =CaCN 2 -}-C. The 
carbon thus liberated then acts on the ammonia, giving ammonium cyanide and 
hydrogen ; he also found that the reaction with ammonium chloride and the 
formation of cyanides or cyanamides ( q.v .) by the Reaction of the carbides with 
nitrogen, is, as stated by F. Fichter and C. Scholly, confined'to the carbides of the 
alkalies or alkaline earths. According to H. Moissan, fuming nitric acid does not 
react in the cold with the alkaline earth carbides, and when heated the reaction is 
slow. H. Moissan found that phosphorus vap. converts the alkaline earth carbides 
into the phosphides without incandescence + with arsenic vap. there is a consider- 
able evolution of heat as the alkaline earth carbide is converted into thfc arsenide. 
A. Frank showed that some graphite is formed, but less than the theoretical amouptf 
when the carbides of the alkaline earths are heated in a current of phosphorus or 
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arsenic vap. H. Moissan found that at a red-heat, antimony and calcium carbide 
give an alloy of antimony and calcium. 

H. Moissan stated that calcium carbide is not decomposed by sodium or magne- 
sium at the softening temp, of glass ; there is no reaction with iron at a red heat, ' 
but at a higher temp., a carburetted alloy of calcium and iron is formed ; tin has 
no perceptible action at a red heat ; and aluminium forms a carbide. A. Rossel 
found that when calcium carbide mixed with powdered magnesium, zinc, aluminium, 
iron, or copper, is heated in air, a flame appears, and a nitride is formed, 
CaC 2 -f3Mg+2N+50=Ca0H-Mg3N 2 +2C0 2 . F. P. Venable and T. Clarke noted 
that soln. of alkali hydroxides give acetylene with calcium carbide. 0. Ruff and 
E. Forster gave for the fusibility of mixtures of calcium carbideeand calcium 
oxide, 

CaO ... 4 14 # 25 29 35 42 per Cent. 

m.p. . . . 2200° 2000° 1715° 1045° 1715° 1815° 

which yields a V-shaped curve with a simple eutectic at 1640' and 30 per cent. CaO. 
H. Moissan noted the energetic reducing action of calcium carbide on metal oxides. 
The metal may separate as in the case of lead, tin, and bismuth, or the metal may com- 
bine with other substances present, thus, the oxides of barium, strontium, aluminium, 
chromium, molybdenum, manganese, tungsten, and titanium furnish the carbides 
of these metals. H. N. Warren said that the oxides of tin, copper, lead, manganese, 
iron, nickel, cobalt, chromium, molybdenum, and tungsten give alloys with calcium. 
According to J. N. Pring, lead oxide dropped into molten calcium carbide reacts 
violently, some lead is volatilized and an alloy of lead and calcium is formed. 
N^ Tarugi found that the reaction with cupric oxide begins at 432°, but is completed 
near 1408°. B. Neumann, and F. von Kiigelgen added a chloride to the mixture of 
calcium ‘carbide and metal oxide. The former argued in favour of the reaction, 
2M 2 0-f 2MC1+ Ca0 2 =6M+CaCl 2 -f 2CO ; and the latter, 4M 2 0+2MCl-f-CaC 2 
=10M-f 1 CaCl 2 d-2C0 2 . B. Wedding did not see any application of calcium carbide 
as a deoxidizing and carburetting agent in the cast-iron industry. L. M. Bullier, 

O. Frohlich, B. Neumann, and H. C. Geemuyden recommended reducing the 
chlorides of copper, silver, manganese, cobalt, zinc, nickel, lead, etc., with 
calcium carbide accompanied by an alkali chloride, calcium fluoride, or water- 
glass as a flux. The carbonates behave like the oxides ; the sulphates are not 
reduced so readily as the chlorides ; many natural minerals — sulphides, and silicates, 
gave good results. H. C. Geemuyden found that in the electric furnace, the sul- 
phides of magnesium, antimony, lead, and iron are reduced, and the metals vola- 
tilized except in the case of iron ; aluminium sulphide was not reduced, and N. Tarugi 
examined tKe action of many metal salts ; he found cupric sulphite and carbonate 
behave, kke the oxide ; the reaction with lead salts is completed at 400°; lead 
chromate furnishes free chromium and a lead-calcium alloy ; salts of mercury and 
arsenic ’give the metal free from calcium ; salts of silver, gold, zinc, cadmium, 
antimony, bismuth, tin, nickel, cobalt, and platinum give alloys with calcium. 

J. F. Durand found that impure acetylides are precipitated when aq. soln. of 
cupric, mercuric, silver, lead, ferrous, nickel, cobalt, and manganese salts are 
heated with calcium carbide. - F. P. Venable and T. Clarke found chromosulphuric 
arid oxidizes caloium carbide ; and 'H. Moissan found that calcium carbide and 
molten chromic arid develop* carbon dioxide, but a soln. of chromic acid gives 
acetylene. Molten potassium chlorate, or potassium nitrate, at a red-heat, 
forms carbonates ; lead fluoride at ordinary temp, becomes incandescent. 
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§ 16. The Carbides of the Magnesium-Zinc Family 

According to P, Lebeau, 1 when beryllium oxide is mixed with half its weight of 
sugar charcoal and a small quantity of oil, and heated to a high temp, in the electric 
tube furnace for 5-10 minutes, beryllium carbide is formed. If the temp, is too low, 
beryllium nitride, or a mixture of nitride and carbide, is produced. The same 
compound was made by H. Moissan. F. Fichter and E. Brunner found the reaction 
between beryllia and carbon begins at about 1900°. From the analogy of beryllium 
and aluminium carbides, P. Lebeau assigned to beryllium carbide the formula 
Be 4 C 8 (Be, 13*8), but, added L. Henry, it does not follow that because beryllium 
carbide is similar in its properties to aluminium carbide, it must be analogous in 
composition. Magnesia and silica are both in many respects similar to alumina. 
The analyses of the carbide quoted by P. Lebeau agree closely with the formula 
BegO, and the apparent analogy between this compound and aluminium carbide 
cannot be allowed to override the great weight of the other experimental evidence 
in’ fixing the valency of beryllium. P. Lebeau showed that beryllium carbide 
forms transparent yellow-brown, microscopic crystals, similar to those of aluminium 
carbide. The crystals scratch quartz easily ; sp. gr.=19 at 15°. The carbide 
is readily attacked by chlorine at a dull red heat, with formation of beryllium 
chloride and a residue of amorphous carbon and graphite. Bromine behaves 
similarly at & somewhat higher temp., but iodine has no action even at 800°. Oxygen 
produces- superficial oxidation at a dull red heat, sulphur vap. attacks it Mow 
1000°, but phosphorus and nitrogen have no appreciable action -at dull redness. 
Dry hydrogen fluoride attacks the carbide with incandescence below a red heat, 
with formation of fluoride and liberation of carbon ; hydrogen chloride behaves 
similarly, but with less energy. In contact with water or dil. acids, the carbide is 
slowly decomposed, with liberation of methane, the change occurring rapidly and 
completely in contact with a* hot cone, sodium or potassium hydroxide soln. It 
reduces cone, boiling sulphuric acid, 4 but is only slowly attacked by cone, nitric 
or hydrochloric acid, although: hot hydrofluoric acid dissolves it rapidly. Fused 
potassium hydroxide (decomposes it with incandescence, potassium nitrate and 
chlorate are without action, but potassium permanganate and lead peroxide oxidize 
. it readily. F. Fichter and E. Brunner found that ammonia reacts with beryllium 
carbide at 1000°, forming beryllium nitride with the separation of carbon. 
H. Moissan found that in the electric furnace beryllium carbide readily dissolves 
carbon, and on treatment of the cold mass with hydrochloric acid, graphite is 
obtained. According to P. Lebeau, when a mixture of beryllia (75 parts) and 
boton (45 partB) is moistened with a little alcohol, compressed, and then heated 
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in a carbon crucible in an electric furnace for 7-8 minutes, brilliant crystals of 

beryllium borocarbide, Be fl B fl C 4 , are formed. They have a metallio lustre, a 
sp. gr. 2’4, and are readily soluble in acids. The compound is not altered by 
exposure to air at ordinary temp., but it is superficially oxidized at a red heat ; 
it burns in chlorine at about 450°, producing boron and beryllium chlorides, and 
amorphous carbon. K, Nisehk studied the formation of beryllium carbide. 

Only impure magnesian^ carbide has hitherto been obtained. J. Parkinson * 
showed that when heated in a stream of benzene vap. the metal suffers a marked 
change ; it becomes black and brittle ; decomposes water ; and leaves a residue 
of carbon when treated with hydrochloric acid. Methano does not act to any great 
extent on the red-hot metal ; but with coal gas there is an increase in weight. 

C. Winkler stated that magnesium carbide and carbon are produced in the reduction 
of catbon dioxidh by heated magnesium, for the product, when treated with hydro- 
chloric acid, gives a hydrocarbon gas which burns with a luminous flame. The 
direct union of carbon with the magnesium is only superficial. J. T. Nance obtained 
similar results, and he noted that some carbide is formed when a mixture of mag- 
nesium powder and wood charcoal is gently ignited. M. Berthelot, H. Moissan, and 
W. Eidmann heated magnesium powder in a stream of acetylene, and obtained an 
impure magnesium carbide mixed with carbon ; it developed acetylene when 
treated with water. 

There are a number of patents for preparing magnesium carbide or magnesium calcium 
carbide. C. Whitehead heated a mixture) of coal with lime and magnesia or dolomite ; 
H. Auzi£s and A. S^goffin heated magnesite or dolomite with carbon in an electric furnaco ; 
0. J. Wollaston heated briquottea made of calcium sulphate, kioselguhr, and powdered 
dolomite ; and H. S. Blackmore used a mixturo of magnesium fluoride and calcium carbi&e 
with alkali fluoride as flux : MgF 2 + CaC a ==MgC a -f CaF a . , 

H. Moissan heated M. Berthelot’s carbide in a graphite crucible in an electric 
furnace. Not the slightest evolution of gas occurred when the cold product was 
placed in water. Hence, he added that magnesium carbide is completely decomposed 
at a high temp., and this explains why magnesia can be fired and kept liquid in a 
carbon crucible without being reduced ; magnesium carbide cannot exist at the 
fusion point of magnesia. W. Borchers claimed to have reduced magnesia* by 
carbon in the electric furnace. P. Lebeau heated a mixture of magnesia and 
carbon in an electric furnace, and inferred that a carbide is formed because 
the magnesia volatilizes 3 to 4 times as quickly as it does in the absence of the 
carbon. The gases in the furnace atm. probably react with the carbide, reproducing 
magnesia and carbon. He believed that the reaction between magnesia and carbon* # 
occurs only between the vap. of these substances at the temp, of the electric arc. 
0. P. Watts mentioned that carbon can be volatilized from a bed of magnesia, 
and his sublimate contained magnesia and carbon. R. E. Slade proved that 
magnesia is redvfced by carbon at as low a temp, as 1700° as well as in the electric 
arc. He was able to collect some of the magnesium produced, and he found it to be 
always associated with some carbide. There is evidence of the reqxidation of the 
magnesium by the carbon monoxide in the furnace, CO-f-Mg— MgO-j-C. K. Nisehk 
studied the formation of magnesium carbide, B. Oddo made magnesium bromo- 
carbide, HC ; O.MgBr ; and G. I. Iotsitch and D. Gauthier, magnesium dibromo- 
carbide, MgBr.C ; O.MgBr. G. I. Iotsitch faade magnesium bromoallylenide, 

CsHjMgBr. • ^ 

No carbides of zinc or cadmium have been prepared. Much commercial zmo 
(q.v.) contains free carbon. 0. Ruff and B. Bergdahl 8 found that only traces of 
carbon dissolve in zinc, cadmium, or mercury. J. J. Berzelius reported that he 
had prepared zinc carbide by the action of heat on zinc cyanide, but J. B. A, Dumas 
showed that these products are probably ^>nly mixtures. R. T, Plimpton.* pre- 
pared an explosive compound— probably mercurous carbide — by the* action of 
acetylene on mercurous acetate suspended in water. E. Burkard and M. W. Travers 
showed that to ensure the completion of the reaction, the sofn. should be frequently 
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agitated, and the current of gas continued for 30 hrs. in darkness : 
2HgC 2 H 8 02~f-H 2 CH-C 2 H 2 — 2CH 3 COOH-f C 2 Hg2.H 2 0. The precipitate was washed 
with water, and then with alcohol, and dried over sulphuric acid. Its composition 
corresponds with mercurous carbide, Hg 2 C 2 .H 2 0. The product is white, and if a 
little free mercury is present, grey. The elements of water cannot be removed ; 
when dried at 100°, the carbide decomposes. When treated with iodine it 
furnishes mercurous iodide and ethylene tetraiodide * and with hydrochloric acid, 
acetylene is evolved. 

H. Bassett 6 passed coal gas through Nessler’s reagent, and obtained a yellow 
precipitate which exploded slightly when heated ; and he obtained a purer pale 
yellow precipitate by using the products of the incomplete combustion of coal gas. 
The precipitate exploded rather more violently than the former product. Analyses 
corresponded with C 2 HHgI.HgO. E. H. Keiser made mercuric carbide free ‘from 
iodine, and with the composition corresponding with C 2 Hg, by passing purified 
acetylene into a soln. of mercuric and potassium iodides containing a little potassium 
hydroxide. The white flocculent precipitate was washed with distilled water, and 
dried over sulphuric acid. The water was eliminated only by prolonged heating 
on a water-bath. The compound begins to decompose at about 100°. If gradually 
heated, the substance becomes dark and a vap. is evolved which has a smell 
resembling that of phosphine. If heated rapidly, the compound explodes with 
extreme violence, forming finely divided carbon and mercury. It dissolves readily 
in hydrochloric acid, forming a soln. of mercuric chloride, and giving off acetylene. 
It unites slowly with iodine at ordinary temp., more rapidly when heated, forming 
dwiodoacetylene, C 2 I 2 , which gradually decomposes, 2C 2 I 2 ->C 2 L l -|-2C, when kept 
for some time. 

J. Durand obtained mercuric carbide by the action of calcium carbide, 
or of cupric acetylide on a soln. of mercuric nitrate. R. T. Plimpton and 
M. W. Travers found that freshly precipitated mercuric oxide, suspended in water, 
is slowly converted into mercuric carbide when treated with acetylene. Ammoniacal 
soln. of mercuric salts are only partially precipitated by acetylene, but if the 
mercuric salt bo mixed with cupric sulphate or zinc chloride and ammonia, pre- 
cipitation is complete. They recommend the following method of preparation : 

Freshly precipitated mercuric oxide is dissolved in cone, ammonia, and powdered 
ammonium carbonate added. The filtered soln. is moderately dil. and sat. with acetylene, 
preferably in a bottlo fitted with a cork and glass stopcock and previously exhausted. The 
absorption takes place rapidly on shaking, fresh acetylene being admitted from time to 
, t*rae until precipitation is complete. The carbide separates as a heavy, white powder, 
which is washed by decantation, and finally on a filter until free from ammonia. It may 
be kept an indefinite time under water without changing, and on account of its highly 
explosivo'character is conveniently stored in this condition. 

The composition of the white powder is C 2 IIg.^H 2 0 ; its sp. gr. \S 5 3 at 16°/16°. 
When gradually heated, it begins to decompose at about 110° into mercury and 
carbon ; when , rapidly heated it decomposes with a violent explosion. When 
dropped on a heated cylinder explosion occurred at all temp, above 230° ; it explodes 
when struck smartly, but it can be handled with safety. It is insoluble in water, 
alcohol, and ether. A soln. of ammonium acetate dissolves the fresh precipitate ; 
and a soln. of potassium cyanide readily dissolves the dried compound. When 
allowed to stand in contact wiVh an alcoholic soln. of mercuric chloride, or when 
boiled with an aq. soln. of that salt, a non-explosive white substance is formed. 
Chlorine and bromine cause the compound to explode ; a soln. of chlorine in chloro- 
form produces mercuric chloride and what is probably ethane hexachloride. Bromine 
water yields tetrabromoethylene. The first product of the action of a soln. of 
iodine m potassium iodide is di-iodoacetylene, and then tetraiodoethylene. Hydro- 
chloric acid*in the cold has very little action ; when heated, mercuric chloride and 
aOe^ylene are formed, and some is hydrolyzed to acetaldehyde. It is readily soluble 
in nitric acid ; dil. sulphuric acid has but a slight action; while the cone, acid causes 
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the carbide to explode. J. F. Durand found that mercuric carbide gives a pre- 
cipitate of silver acetylide with a soln. of silver nitrate, but no precipitate with 
cupric chloride or nitrate. 

According to R. T. Plimpton and M. W. Travers, if acetylene be passed into a 
soln. of mercuric acetate, in darkness, a white precipitate is formed which gradually 
becomes grey. In about 2 hrs. the reaction is complete, and the product after washing, 
and drying in vacuo over sulphuric acid, has the composition 2Hg0.3HgC 2 .2H 2 0, 
or 2Hg(OH) 2 .3HgC 2 — mercuric hydroxycarbide. The precipitate is non-explosive, 
but it decomposes at ordinary temp. At 100°, water is given off and carbon 
separates. With iodine, it forms di-iodoacetyiene, and ethylene tetraiodide. When 
heated with hydrochloric acid in the presence of mercuric salts, aldehyde is formed, 
but little or no acetylene appears. In 1881, M. Kutscheroff showed that hydro- 
carbons of the hcetylene series unite with water in the presence of mercury salts, 
forming aldehydes and ketones, e.g . with acetylene HC j 0H-j-H 2 O -OII a .CO.H, 
and with allyleno CH 3 .C • CH-f H 2 0==CH 3 .C0.CH 3 . The reaction is employed 
industrially for making acetaldehyde which is subsequently oxidized to acetic acid. 
The mechanism of the reaction has been studied by a number of investigators. 
E. H. Reiser assigned the formula CIHg.C f C.HgCl to the white precipitate which is 
formed when acetylene is passed into a soln. of mercuric chloride ; K. A. Hofmann 
considered that the first product of the reaction is a substance with the formula ; 


Hg< 


.PCI 2 
C(HgCl) 2 


and that this is immediately converted by hydrolysis and intermolecular change to 
trichloromercuriacetaldehyde, (ClHg) 3 .C.COH. H. Biltz and 0. Mumrn agreed that 
the white precipitate is probably trichloromercuriacetaldehyde, but they doubted 
if K. A. Hofmann’s intermediate compound is formed. A. Bcrge and A.-Reychler 
said that acetylene has no action on a soln. of mercuric chloride in dil. hydro- 
chloric acid, and they recommended this soln. as a liquid for purifying acetylene ; 
but P. Biginclli, J. S. S. Bramo, and D. L. Chapman and W. J. Jenkins have 
shown that chloromercurichloracdylene, or mercuricdichlor acetylene, 


H 

Cl 


>C : C< 


H 

HgCl 


C< 

Hg* 

C< 


H 

Cl 

H 

Cl 


respectively are produced in dil. hydrochloric acid soln. D. L. Chapman and 
W. J. Jenkins prepared this compound in long, colourless, needle-shaped crystals by* 
circulating acetylene through a sat. soln. of mercuric chloride in absolute alcohol 
through which a current of hydrogen chloride had been passed for 5 minutes. In 
16 hrs. the soln. deposited the crystals with the empirical composition C 2 H 2 ,HgCl 2 . 
The crystals melt with decomposition near 113° ; they are soluble in 4her and 
benzene. The compound is not formed in an ethereal soln. of mercuric chloride 
in which hydrogen chloride is dissolved. M. Kutscheroff made mercuric allylenide, 
(Q}H 3 ) 2 Hg. J. F. Durand made mercurous carbide or acetylide by tho action of 
calcium carbide, mercuric acetylide or chpric acetylide, on a soln. of mercurous 
nitrate. # 
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§ 17. The Carbides of Aluminium and the Rare Earth Metals 

The boron carbides have been discussed as carbon borides in connection with boron 
(5. 32, 4). H. St. C. Deville 1 was unable to make carbon unite with aluminium ; 
even when carbon tetrachloride is decomposed by aluminium, carbon is produced 
and the excess of aluminium remains unchanged. J. W. Mallet could detect no 
sign of the formation of a definite carbide when sodium carbonate is reduced by 
aluminium. The carbon taken up by the excess of metal was mostly, if not 
altogether, in a state of mere admixture, and produced no marked effect on the 
physical properties of the metal. He also observed no carbide formation when 
carbon monoxide is reduced by aluminium ; alumina, and carbon with small 
yellow crystals, said to be aluminium nitride, were obtained — the nitrogen pre- 
sumably was derived from the contamination of the carbon monoxide, etc., with air. 
T. S. Hunt, in 1885, exhibited yellow crystals of what he regarded &s an alloy of 
aluminium and carbon which were found in an electric furnace, reducing a mixture 
of alumina and carbon. The work of H. Moissan, ten years later, showed that 
T. S. Hunt’s crystals were most probably aluminium carbide, A1 4 C 8 . H. Moissan 
obtained crystals of this compound in the following way : 

Small boats of carbon were filled with aluminium, put into a carbon tube through 
which a current of hydrogen was passed, and heated in the electric furnace. After cooling, 
ofche aluminium was of a grey colour, and on breaking it was seen to be strewn with brilliant 
fine-yellow crystals. To separate these out, the aluminium is dissolved by cone, hydro- 
chlorio ac’d, surrounding the vessel with ice to keep the tamp. low. The residue is washed 
with ioe-cold water, then with alcohol, and finally with ether. This whole operation must 
be conducted as quickly as possible, since the carbide is attacked by water 

P. W\ Askenasy and co-workers used a similar process. According to J. N. Pring, 
the reaction proceeds from left to right : fiAl-f-SCCMAl^-j-A^Oa, but at higher 
temp, the direction is reversed, and aluminium is re-formed. H. Moissan also made 
the Carbide by heating the metal in a carbon crucible in an electric furnace— when 
the product is contaminated with nitride ; by treating a mixture of china clay and 
carbon in the electric furnace ; and by heating aluminium and calcium carbide in 
the electric arc. S. A. Tucker°and H. E. Moody obtained aluminium carbide by 
reducing alumina with calcium carbide. 0. Ohmann ignited a mixture of aluminium 
filings with a small proportion of a mixture of potassium chlorate and iron, in an atm. 
of carbon dioxide. The ignition is started by touching the chlorate and iron filings 
with a glowing wire, and allowing a stream of carbon dioxide to play on the 
aluminium powder. The product, A1 4 C^ was used for the preparation of methane* 
L, Franck, and C. Matignon, made aluminium carbide by heating aluminium and lamp- 
black to a high temp. M. Barnett and L. Burgess heated, in the electric arc-turn A&, 
an Intimate mixture of alumina and carbon. F. E. Weston and H. R. Ellis ignited 
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mixtures of powdered aluminium with wood charcoal, sugar charcoal, and graphite, 
by a fuse of magnesium and barium peroxide. The product contained aluminium 
nitride, carbide, and oxide, and the free elements. Methane was the only gas 
produced by the action of water, and hence it was inferred that the only carbide 
formed was C3AI4. It was not easy to initiate the combination in vacuo ; and it 
was assumed that the first action is the oxidation of the carbon to monoxide and 
dioxide, the heat given out starts the oxidation of the aluminium, and, finally, that 
the latter reaction raises the temp, sufficiently to bring about combination of the alu- 
minium with carbon and nitrogen. Some mixtures heated to dull redness in a closed 
crucible reacted vigorously on exposure to air. At 550°, E. Briner and R. Senglet 
observed no reaction between carbon and aluminium, but at 760° small amounts 
of carbide were formed. J. N. Pring found that the reaction between carbon and 
aluminium begins at 650°, and proceeds rapidly at 1400°. C. Matignon made 
aluminium carbide by heating aluminium in carbon tetrachlorido vap. E. Dufau, 
by heating in the electric furnace, calcium aluminate with carbon — calcium carbide is 
formed at the same time ; A. H. Cowles, by the reduction of Bodium aluminate with 
carbon ; L. M. Bullier, by heating sodium chloroaluminate with calcium carbido ; 
and H. Hilbert and A. Frank, by heating aluminium phosphate and carbon : 
4AlP0 4 d-19C=Al 4 C 3 -f 4P+16CO--the phosphorus distils off. L. Franck represented 
the reaction at 1200°-1300° with carbon monoxide by 2Al-f3C0 2 — 2A10 8 -|~3C ; 
and with carbon dioxide by 4Ald-3C0 2 =2Al 2 0 8 -f-3C. At lower temp., A. Guntz 
and A. Masson obtained 6Al-f 3CO— A1 4 C 3 4-A1 2 0 3 ; and likewise also with carbon 
dioxide. P. W. Askenasy and A. Lebedeff found that aluminium and aluminium 
carbide are formed when alumina and wood charcoal are heated side by 
side in the electric furnace. They assumed that the carbido is first formed: 
2A1 2 0 3 +9C=6C0+A1 4 C3, and that at a higher temp., say fllOO 0 , the carbide dis- 
sociates or reacts with alumina, forming aluminium which remains dissolted in the 
carbide, otherwise it would boil away ; on cooling, the aluminium separates from the 
soin. M. Barnett and L. Burgess have described a furnace for the production of the 
carbide. K. Nischk made some observations on the formation of aluminium carbido. 

According to H. Moissan, aluminium carbide forms transparent, yellow crystals 
sometimes 6 mm. long, and in the form of regular hexagons. According to 
M. L. Huggins, the rhombohedral crystals have a lattice in which each aluminium 
atom is surrounded by three carbon atoms, and each carbon atom by four aluminium 
atoms all at the corners of a tetrahedron ; and the axial ratio is estimated to be o : c 
=1 : 1*225. The sp. gr. is 2*36. The carbide is stable up to 1400°, but is decomposed 
at the highest temp, of the electric arc. P. W. Askenasy and co-workers believe 
that the dissociation of the carbide A1 4 C 3 — 4Al-f-3C proceeds at a much lower temp* 
than H. Moissan supposed. P. W. Askenasy and A. Lebedeff say that ajuminium 
carbide is not changed by heating in vacuo between 400° and 1400°. O. R^ff found 
that aluminiufh carbide sublimes at temp, up to 2200° without melting, and 
with some decomposition which is independent of temp. The vap*- press, was 
measured up to 2300° ; and at 2200°, aluminium carbide is in equilibrium with 
graphite and aluminium sat. with graphite and vap. under a press, of 400 mm. 
E. Briner and R. Senglet said that the reaction Al 4 C 3 ^4Al-f 3C is reversible; 
dissociation begins below 540°, and, as indicated above, combination begins between 
550° and 750°. M. Berthelot gave for the heat of formation: 4Al+3Ca l&raon( i 
=~Al4C 3 4- 244*9 Cals, less about 26 Cals. H. Meissan found that the carbide is 
attacked superficially by oxygen at a dull red heat. M. Bethel ot gave for threat 
of oxidation Al 4 C 3 -f-602=3C02-f'2Al 2 03-|-834 Cals. H. Moissan noted that when 
the carbide remains in contact with water at ordinary temp., decomposition takes 
place very slowly, and methane and aluminium hydroxide are formed. M. Berthelot 
* gave for the heat of decomposition 12H 2 0~3CH4-(-4Al(OH)3d-183'8 Cals. 

plus about 26 Cals. ; thq change is accelerated by heat, but is not influenced by light, 
\ According to H. Moissan, chlorine attacks it at a dull red heat, with incandescence, 
aluminium chloride volatilizing, and a residue of amorphous carbon, without any 
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trace of graphite, being left ; bromine has no action at the ordinary temp., but 
attacks the carbide, with incandescence, at about 700° ; iodine seems to have no 
action, even at a bright red heat. At a dull /ed heat, sulphur attacks the carbide 
readily, with great development of heat, and formation of aluminium sulphide and 
traces of carbon bisulphide, although the greater part of the carbon remains in the 
form of thin lamella?. Nitrogen and phosphorus have no action on the carbide at a 
dull red heat, but certain oxidizing agents attack it readily. When slightly heated 
with dry potassium permanganate, it is oxidized with vivid incandescence ; potas- 
sium dichromate and chromic anhydride oxidize it slowly at dull redness. The 
carbide reduces lead peroxide and the red oxide with incandescence, but it is not 
attacked by potassium chlorate or nitrate. A soln. of an alkali dichromate, acidified 
with sulphuric acid, attacks it slowly in the cold, or when boiled ; fuming nitric 
acid is without action, even on heating, but on the addition of water the carbide is 
rapidly attacked ; cone, hydrochloric acid attacks it very slowly, but the dil. acid 
dissolves it in a few hours ; boiling cone, sulphuric acid is reduced, with formation 
of sulphur dioxide, and the dil. acid reacts at about 100°. Fused potassium 
hydroxide attacks the carbide with great energy at about 300°, but alkali carbonates, 
even at a bright red heat, produce only incomplete decomposition. J. N. Pring 
found that with calcium at a high temp., there is a reversible reaction, 2Al 4 C 3 -f-3Ca 
v=*3CaC2-f8Al. He added that, up to about 1400°, the carbide behaves as a strong 
reducing agent, but both aluminium and carbon are simultaneously oxidized, even 
when the carbide is in excess. Thus, under these conditions, no separation of 
aluminium or of carbon can be detected. For instance, aluminium carbide interact- 
ing with copper oxide produces metallic copper and carbon dioxide, together with small 
quantities of carbon monoxide. A similar behaviour is noticed when the reactions 
are brought about in the mass of a flux so as to facilitate the agglomeration of the 
reduced metal. At higher temp., however, selective reduction begins to be apparent, 
the reduction being more and more brought about by the carbon of the carbide, 
with a result that alloys of aluminium and the reduced metal are obtained, the 
per cent, of aluminium increasing the higher the temp, of reaction. In the case of 
copper, the per cent, of aluminium in the alloy seems to be limited by the volatili- 
zation of aluminium. Copper alloys were obtained containing up to 28 per cent, of 
aluminium, whereas the equation : SCuO-j-Al^Cy— 4Al,3Cu-f 3CO, demands an 
alloy containing 36 pei; cent, of aluminium. In the case of iron, an alloy was ob- 
tained containing 46*7 per cent, of aluminium, or, subtracting the amount of free 
carbon, 49 - 6 per cent, of aluminium. This corresponds to the equation : 
^ 03 + Al 4 Cy-2Fe,4Al-|-3CO, which demands an alloy containing 49*2 per cent. 
‘<?f aluminium. Any excess of oxide used in the reaction resulted in oxidation of the 
aluminium of the alloy. When the reaction between aluminium carbide and iron 
oxide was, .brought about in presence of a bath of molten iron at a high temp., alloys 
were also obtained in which more than 90 per cent, of the aluminium of the carbide 
used had been set free and taken up by the iron. Aluminium carbide reacts with 
copper at a temp, below the m.p. of platinum, and with iron just above this temp., 
to form an aluminium alloy with liberation of free carbon. At higher temp., the 
reaction takes place with violence and is complete. 

W. Hampe 2 showed that the yellow crystals of what F. Wohler and H. St. C. Deville 
in 1857 regarded as diamond boron is* really aluminium borocarbide, A1 3 B 48 C 2 , or 
C 2 Bj2;3A1Bjo. The crystals ars.mado by heating aluminium with boron trioxide 
in gfaphito crucibles to the highest temp, of a wind furnace, and allowing the fused 
mass to cool slowly. The reaction was examined by A. Joly, and he expressed the 
opinion that the alleged borocarbide is not a chemical individual, but gives no 
evidence either way. The crystals, said W. Hampe, belong to the tetragonal 
system ; octahedra are most common, bulj long prisms are also formed. According * 
to Q. Sella, the axial ratio of the ditetragonal bipyramidal crystals is a : c—1 : 0*5762 ; 
W. Sartorius von Waltershausen gave 1 : 0*5736. The colour of the strongly 
retracting crystals may be pale yellowish-brow/i, almost? colourless, honey-yellow, 
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hyacinth-red, dark brown, or almost black. The sp. gr., according toW. Hampe, is 
2 615. The crystals are easily broken, and have a conchoidal fracture. They are 
harder than corundum, but softer ^han the diamond. Their properties closely 
resemble those of aluminium boride. The compound can be heated in oxygen 
without burning. The crystals become matt in hot cone, hydrochloric or sulphuric 
acid, and are slowly attacked ; hot cone, nitric acid gradually dissolves them. A 
boiling cone. soln. of potassium hydroxide, or molten potassium nitrate, does not 
attack the crystals, but they are attacked by fused potassium hydroxide or lead 
chromate. They are slowly oxidized by potassium pyrosulphate at a red heat. 
They are readily alloyed by fusion with platinum. 

Early in the last century, J. 0. Children, 3 1815, made an electric arc between the 
surfaces of cerium oxide and carbon, and obtained a product which gave an un- 
pleasant odour when treated with water, and which later work has shown to have 
been impure cerium carbide, CeC 2 . G. Mosander claimed to have made cerium 
carbides by calcining cerous oxalate or tartrate at a high temp., but some of his 
statements of the properties of the products do not agree with those now known 
to be characteristic of cerium carbide. H. Moissan prepared cerium carbide by 
heating an intimate mixture of sugar charcoal (48 grms.) with ceric oxide (192 grms.) 
m a carbon-tube electric furnace. The oxide fuses, and ebullition commences owing 
to the evolution of carbon monoxide : Ce0 2 -f-4C— Ce0 2 -f-2CO. In a few minutes, 
when the mass is in a state of quiet fusion, the reaction is complete. F. Fichter 
and C. Scholly used a similar method. J. Sterba supposed that cerium oxycarbide, 
CeC 2 .2Ce0 2 , is formed by the reduction of ceric oxide with insufficient carbon for 
complete reduction, but A. Damiens denied this. He believed that the reduction 
occurs in stages : 2Ce0 2 -fC=Cc 2 0 3 4-C0 ; and Ce 2 0 3 +9C^2CeC 3 -{-3C0 ; and 
CeC 3 — CeC 2 -fC. The red crystals of the intermediate carbide, OC 3 , can be isolated. 
P. R. Bassett discussed the formation of cerium carbide in the high intensity 
arc using a positive electrode of carbon with a core of cerium fluoride. 
W. Muthmann and co-workers prepared cerium carbide by the electrolysis of ceric 
oxide in the presence of carbon. 0. Petterson, and H, Moissan prepared lanthanum 
carbide, LaC 2 , by a method similar to that employed for cerium carbide : and 
H. Moissan likewise made neodymium carbide, NdC 2 ; praseodymium carbide, PnC 2 ; 
and samarium carbide, SaC 2 . 0. Petterson, and H. Moissan and A. Ktard made 
yttrium carbide, YC 2 ; and 0. Petterson, ytterbium carbide, YbC 2 ; and holrnium 
carbide, HoC 2 , in a similar way. 

It will be observed that the rare earth carbides appear to be of the same type 
as calcium carbide, CaC 2 , and that they arc not analogous to aluminium carbide^ 
A1 4 C 3 . Cerium carbide appears as a homogeneous mass with a crystalline fracture, 
and it readily breaks up in the presence of air. When the fragments are examined 
under the microscope, some appear as well-marked hexagons of a reddish»yellow 
colour ; lanthanftm carbide is rather lighter in colour than cerium carbide. 
0. Petterson gave 4*7 1 for the sp. gr. of lanthanum carbide ; II. Moissan’t? values 
at 20°, are 
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Sp. gr. . 6-Oz 


W. R. Mott gave 4600° for the b.p. of yttrium carbide. At a red heat, hydrogen 
has no appreciable action on neodymium ancl praseodymium carbides ; and at 
1000°, no action on samarium carbide ; oxygen redtiily unites with yttrium car- 
bide ; and at a red heat lanthanum and cerium carbides become incandescent, while 
praseodymium, neodymium, and samarium carbides become incandescent at 400 °. 
The action of water on the rare earth carbides is particularly interesting. The 
principal gas is acetylene. H. Moissan’s analyses are summarized in Table XVII. 
Both acetylene and methane are accompanied by small amounts of their homologues. 
A. Damiens assumes that the primary reaction is MC 2 -f 3H 2 0=M(0H)34-H24-C2H 2 , 
and part of the acetylene is then hydrogenated to form ethylene and ethane# 
He found that with cerium, lanthanum, neodymium, praseodymium, and samarium 
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Table XVII. — Composition op Gases evolved by the Action op Wateb oir the 
Babe Earth Carbides. 



j 

j LaC a 

4 - 

CeCj 

1 NdC a 

1 PrC a 

| SaC| 

Acetylene 

71*8 

70*0-71*8 

76*0-76*7 

! 66*4-67*2 

67*6-68*3 

70*1-71*2 

Ethylene 

Methane 

4*7 

18*9 

2*1 

27*8-28*0 

3*6-4'2 

21*6-20*3 

6*0r6*9 

26*8-27*3 

2*6-3*6 

28*1-30*0 

7*6-81 

20*7-22*3 

Hydrogen 

Liquid or solid 

4*7 

— 

— 



— 

hydrocarbons j 

" ! 

A little 

j 

3*6 

A little 

1 

A little 
* 

, A little 


carbides, the gas evolved in every case consisted of a mixture of hydrogen, sat. hydro- 
carbons, ethylenic and acetylenic hydrocarbons. The proportion of hydrogen was, in 
all cases, high. Unlike H. Moissan, he said that in no case was any methane found, 
the sat. hydrocarbons consisting of ethane, propane, and isobutane. The ethylenic 
hydrocarbons consisted of ethylene and its homologues. The different constituents 
of the mixture were invariably present, but their relative proportions varied accord- 
ing to the- velocity of the reaction, which waB dependent on the physical state of 
the carbide. The metallic hydroxides produced were always those of the sesqui- 
oxides. 0. Petterson assumed that the constitution is of the mixed type, so that 
C— M— C 

-f 6H 2 0— C 2 H 2 -fC 2 H 4 -f-2M(OH) 3 , 

but there is little to support this hypothesis. 

All these carbides are readily attacked by fluorine with incandescence — yttrium 
carbide in the cold, the others when warmed ; chlorine attacks yttrium carbide 
below a dull red heat ; lanthanum carbide at 250°, cerium carbide at 230° ; neo- 
dymium and praseodymium carbides, above a red heat ; and samarium carbide when 
heated-all with incandescence; bromine attacks yttrium carbide below a dull 
red heat ; lanthanum carbide at 255°, cerium carbide above 230° ; and praseo- 
dymium, neodymium, and samarium carbides at a dull red heat — all with incan- 
descence ; and iodine attacks yttrium, lanthanum, cerium, and samarium carbides 
below a dull red heat with incandescence, while praseodymium and neodymium 
carbides are attacked at a dull red heat without incandescence. Cerium carbide 
is attacked by hydrogen chloride at 650° with incandescence, and neodymium, 
•< praseodymium, and samarium carbides at a dull red heat with incandescence ; 
hydrogen iodide attacks cerium carbide at a dull red heat with incandescence. 
Dil. adds easily attack all these carbides with the evolution of gases as in the case 
of water. The vap. of sulphur attacks yttrium and lanthanum carbides ; with 
cerium carbide, the attack is accompanied with incandescence, ‘with neodymium 
and praseodymium carbides the attack begins at 1000°, and with samarium carbide, 
above 400°, Yttrium and cerium carbides are attacked by selenium vap. at a dull 
red heat, and lanthanum carbide is attacked more vigorously than with sulphur. 
Cerium, praseodymium, neodymium, and samarium carbides are attacked when 
heated with hydrogen sulphide. All these carbides are attacked by sulphuric 
add in the cold, with the evolutihn of sulphur dioxide. Lanthanum carbide is 
attacked at 800° by nitrogen* forming a nitride ; cerium carbide is not attacked at 
the softening temp, of glass, and neodymium and praseodymium carbides are attacked 
superficially at 1200°. F. Fichter and C, Scholly found that at 1250°, cerium 
carbide forms the nitride, not the cyanide or Cyanamide. According to H. Moissan, 
at a red heat lanthanum carbide is attacked with incandescence by ammnnia ; cerium 
carbide is not attacked at 600° ; whilp praseodymium and neodymium carbides at 
.a red heat form nitrides ; and at 1250°, according to F. Fichter and C. Scholly, 
% cerium carbide forms nitride, but rather more slowly than in an atm. of nitrogen* 
R, Moissan found that fuming nitric add does not act on lanthanum, cerium, praseo- 
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dymium, and neodymium carbides. Lanthanum carbide is not attaoked by ph 06 - 
phortlS at 700°-800°, nor is cerium carbide at the softening temp, of glass. Fused 
Potassium hydroxide decomposes the carbides with the evolution of hydrogen ; 
fused potassium carbonate also attacks the carbides. Fused potassium perman- 
ganate, chlorate, or nitrate attacks the carbides easily with incandescenoe. 
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§ 18. The Carbides of the Silicon and Tin Families of Elements 

According to J. J. Berzelius, 1 in the preparation of silicon by the reduction of 
potassium fluosilicate by potassium, a mixture of silicon and silicon carbide, or 
carbon silicide, is obtained. The amorphous substance suffered no loss of weight* 
when ignited in a closed vessel, but in air, the carbon burns to a carbon dioxide, 
and the silicon to silica — in proportions showing that the composition must have 
been CgSi 3 . In an attempt to synthesize diamonds, C. M. Despretz alsobbtained 
what were most jfrobably crystals of silicon carbide when he passed an electric^current 
through a carbon rod embedded in sand. The crystals were hard enough to cut the 
ruby, and scratch soft diamonds. R. S. Mardsen also in his work on the solubility 
of silica in molten silver obtained pale yellow hexagonal lamellae which he mistook 
for graphite, but whicbwere, in all probability, silicon carbide. A. H. and E. H. Cowles 
obtained hexagonal crystals of a substance which C. F. Mabery believed to be 
silicon suboxide, but which proved later to be crystalline silicon carbide. L. Franck 
found a few crystals of silicon carbide of adamantine Hardness in commercial calcium 
carbide. . • 

According to A. Colson, when silicon is heated to bright, redness in a stream 
of ethylene, or of hydrogen sat. with* benzene vap. at 50°-60°, a mixture of silicon 
oxycarbides — vide infrar- with dark green silicon dicarbide, SiC 2 , is formed. This 
substance is not attacked at a red heat by oxygen or chlorine ; it is insoluble in 
acids ; and is decomposed by fusion with potassium hydroxide, or with a mixture 
of lead chromate and lead oxide. E. Kohn-Abrest obtained what he regarded,* 
silicon perUalritacafbide, C 6 Si 8 , by heating aluminium silicide in a graphite vessel 
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P, Schiitzenberger obtained amorphous silicon monocarbide, SiC, by heating to 
bright redness for a few hours an intimate mixture of silicon and silica in a graphite 
crucible packed with lampblack inside a -larger crucible. The contents were 
powdered, and boiled with moderately cone, hydrofluoric acid in order to dissolve 
the silica and the small quantity of silicon nitride which is formed. No free 
silicon is present. The insoluble residue containing nearly one-half of the silicon 
employed, is extracted with boiling cone, hydrofluoric acid, and the green powder 
which remains is silicon monocarbide. This substance is said to be formed by the 
action of carbon monoxide on the silicon. On treating it with chlorine at a low 
red heat, silicon chloride is evolved, leaving carbon and part of the carbide 
unchanged. After burning the carbon in a current of oxygen, a portion of the 
residue can be acted on by chlorine at a bright red heat, but the residue from this 
second treatment is not further attacked by chlorine. 4 

H. Moissan said that carbon can dissolve in molten silicon, and the carbide can 
bo detached from the crystals by boiling in a mixture of nitric and hydrofluoric 
acids, and further purified by treatment with a mixture of nitric acid and potassium 
chlorate. The crystals may be yellow and quite transparent, or they may have a 
sapphire-blue colour. In the presence of a solvent, silicon and carbon unite between 
1200°-1400°. H. Moissan obtained almost colourless, prismatic needles of carbon 
silicide by allowing the vap. of carbon and silicon to react with one another. If 
iron silicide, mixed with an excess of carbon, be heated in an electric furnace, a 
regulus containing crystals of silicon carbide is formed. A mixture of iron, silicon, 
and carbon, or of iron, silica, and carbon, can be similarly treated. The regulus 
i« first digested with aqua regia to remove the iron ; then heated for several hours 
with a mixture of nitric and hydrofluoric acids, and then treated eight to ten times 
with a .mixture of nitric acid and potassium chlorate. H. Moissan also made the 
carbide by melting a mixture of calcium carbide and silica, and by reducing silica 
with carbon in an electric furnace. In 1890, E. G. Acheson tried to crystallize carbon 
by dissolving that element in aluminium silicate in an electric arc. The blue 
crystals obtained were thought to be a compound of carbon and aluminium. The 
crystalline compound was called carborundum. Subsequent analyses showed the 
product to be silicon carbide, SiC, and it was then made by reducing silica by 
carbon in the electric furnace. According to A. Lampen, some of the non- 
crystalline carbide is 'found in the parts of the carborundum furnace which have 
not attained a temp, of 1950°. H. Moissan found crystals of silicon carbide in the 
meteorite from Canon Diablo, and G. F. Kunz proposed for the mineral name 
* * mmssanite. H. Hanemann observed no carbide formation by heating a mixture 
of iron, silica, and carbon to 1500° ; about T37 per cent, of silicon was formed. 
0. Mtihlh&user purified carborundum by passing oxygen over it for an hour while 
at a dtifi red heat ; boiling the product with potash-lye ; and then heating it with 
a mixtpre of hydrofluoric and cone, sulphuric acids. L. Weiss and T. Engelhardt, 
and W. G. Mixter discussed the purification of carborundum. 

G. Tammann found that the reaction between silicon and carbon, obtained by 
the action of mercury on carbon tetrachloride at 450°, started at 1220° ; with soot 
from turpentine, at 1340°; with sug&r charcoal, at J41(> 0 ; and with graphite, 
at 1390°. K. Nischk studied % formation of silicon carbide. According 
to S. A. Tucker and A. Lampen, the temp, of formation of crystalline car- 
borundum from silica and Carbon is 1950°; H. W. Gillet gave 1820° ±20°; 
and L, E. Saunders, f840° ± 30°. For amorphous carborundum, S. A. Tucker and 
A. Lampen gave 1600° ; H. W. Gillet, 1540° ±,30° ; and L. E. Saunders, 1600° ±50°. 
For the temp, of decomposition of crystalline carborundum, S. A. Tucker and 
A. Lampen gave 2220° ; H. W. Gillet, 2220° ± 20° ; and L. E. Saunders, 2240° ± 5°. 
The range of temp, in the carborundum furnace is therefore comparatively small. 
J. N. Pririg found that at a reduced press., 0*01 mm., carborundum is formed at 
1$50° ; and H. C. Greenwood stated that in vacuo silica is reduced by carbon, 
and carborundum is formed at 1460°, R. S. Hutton and J. E. Petavcl showed that 
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at 100 atm. press., the formation of crystalline carborundum is hindered, and the 
formation of amorphous carborundum negligible. According to W. G. Mixtor, 
the heat of formation of crystalline carborundum, Si iTV8 f -bC amnn> hoi»~SiC+2 , 0 
Cals, per 40 4 grms. of carborundum, or 50 cals, per grm. of SiC ; and the heat 
of combustion to silica and carbon dioxide is SiC4-20 1 »=Si0 2 -fC0 2 -f 283*8 Cals, 
per 40*4 grms. of carborundum, or 7025 cals, per grm. ; H. N. Potter obtained * 
7595 cals, per grin. W. G. Jtixter said that bis value falls within the limits of 
experimental error, so that the heat of formation may be positive or negative. 

The first carborundum furnace consisted of an iron bowl lined with carbon, and 
fitted with a carbon rod. A mixture of carbon and clay was introduced into the 
bowl and about the rod. A current sufficient to fuse the mixture, or to bring it to 
a very high temj)., was passed through the furnace with the iron bowl and carbon 
rod m electrodes. When the current was cut of! and the furnace cooled, a few 
bright blue crystals of carborundum were found surrounding the carbon rod. The 
clay was afterwards replaced by glass-sand. A little salt was added to facilitate 
the running of the furnaces ; and the mixture was made porous by the addition of 
sawdust so as to facilitate the escape of gas. The furnaces were then increased 
in size. The manufacture has been described by E. G. Acheson, F. A. J. Fitzgerald, 
C. A. Kohn, 0. Miihlhauser, J. A. Matthews, A. Dorsemagcn, R. Volkmann, 
K. P. Gregorovitch, etc. 

The furnaces are built of brick, and have tho iorm of an oblong box, internally 16 ft. 

X 6 ft. X 5 ft. The ends have a thickness of about 2 ft. The terminals are fitted at the 



centre of each end. They consist of 60 oarbon rods, 30 ins. long and 3 ins. diameter. The 
outer ends of the carbons are enclosed in a square iron frame to which is screwed a stout 
plate bored with sixty holes corresponding with idie ends of the carbons. Through each hole 
is passed a short piece of gth in. copper rod, ancr this fits tightly into a hole circled in the 
oarbon. All the free space between the inside of the plate, and the ends of the carbon, is 
packed tightly with graphite. Each plate has four projections to which the four cables* 
conveying the current are bolted The ends of the furnace are permanent, the remainder 
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Is built each time the furnace is operated. The side walls are built about 4 ft. high. Pieces 
of iron plate are placed about 4 ins. from the inner ends of the terminals to keep 
the mixture from coming in contact with the terminals. The mixture of sand (53‘fl per 
cent.), coke (40 per cent.), sawdust (5 per cent.)* and salt (1'5 per cent.) is then thrown 
into the furnace until it is half full. A central longitudinal trench is then arranged with a 
radius of about 10 J ins. The bottom of the trench is a little above the level of the 
* bottom row of carbons. The core of the furnace is introduced. The core is a cylinder of 
granulated coke, about 21 ins. diameter and 14 ft. long, and extending between the sheet 
iron plates at the ends. Finely ground coke is packed iftto the spaces between the ends 
and the pieces of sheet iron. The side walls are built up another foot ; the pieces of sheet 
iron are removed ; and more furnace mixture is added to make up a height of about 8 ft. 
Figs. 23 and 24 give an idea of the appearance of the furnace in Chippawa, Ontario, plant of 
the Norton Company of Worcester, Mass., where they manufacture carborundum under the 
name of cryatolon. The resistance of the furnace diminishes rapidly, and ift about an hour 
approximately 746 kilowatts or 1000 H.P. are being expended in heating the furnace. In 
about 24 hours, the current is cut off, and the furnace is allowed to cool for a few hours. The 



Fig. 24. — Carborundum Furnace in Operation. 

side walks are taken down, and the unchanged mixture raked from the top of the furnace until 
the outer crust of amorphous carborundum is exposed. Beneath the outer crust is another 
thin layer of light- green amorphous carborundum. Inside this, radiating from the core, 
is a 10 to 12-in. layer of carborundum crystals. .The core has changed into a mass of 
graphitio carbon, for the high temp, of the furnace has volatilized the impurities of the coke. 
The carborundum is then crushed by levigation and sieved. 

The following^ are typical analyse! of first, medium and low-grade carborundum 
when the theoretical values fa. SiC are 70*30 per cent, silicon, and 29*70 per cent, 
of carbon : * 



Si (combined) 

C (combined) 

Fe 

Al 

Si (free) 

Ca 

First 

. 50*60 

29 40 

009 

0-55 

0-18 

009 

Medium . 

. 67-70 

28-60 

0-55 

1-40 

— 

— 

Low 

. 65*31 

27-59 

0-93 

2-02 

0-56 

0-29 


The so-called carborundum fire-sand is & layer of carborundum mixed with partly- 
reduced sihoa. Analyses range between the limits : 

* r 810 SIO. Al,O a Fe,0, 

73*82-85*42 4*54-5*80 1*45-8*05 MKM-52 


C (free) 
3*12-4-52 


C* 

0*23 
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According to H. Moissan, carborundum free from traces of iron is without 
colour ; the best commercial grades are pale green, while the less pure grades 
are black. H. E. Merwin said that the blue crystals are pleochroic, some 
with colours passing from light to dark blue, others from olive-green to greenish- 
blue. Some of the crystals have triangular markings and parallel striae. There 
are often spiral markings of different form, maybe 30,000 to 50,000 lines per 
inch. The crystals of carbojundum often exhibit a brilliant play of iridescent 
colours, which are attributed by W. R. Mott to a very thin film of transparent 
fused silica on the surface. The green crystals do not show the iridescence, for 
a black reflecting surface is needed to produce the effect. The iridescence is 
destroyed by hydrofluoric acid, and is restored by oxidation, or by etching with Balt 
at a higher, temp. Silicon carbide occurs both amorphous and crystalline; the 
crystalline variety first obtained by E. 6. Acheson consisted of a mass of loosely aggre- 
gated crystals. F. J. Tone produced a dense mass of small, imperfectly developed 
crystals which had a steel-like appearance and fracture ; and which was given the 
trade-name silundum. H. Moissan obtained well-defined crystals which appeared as 
regular hexagons. F. A. J. Fitzgerald said that sometimes in hollotf places in the 
carborundum furnace, large hexagonal crystals may be found with a side measuring 
0*5 in. B. W. Frazier said that carborundum crystals belong to the hemihedrai 
division of the hexagonal system, and are characterized by the predominance of 
the basal pinacoid. Both direct and reversed rhombohedra may occur on the same 
crystals giving them the appearance of holohedral symmetry. The axial ratio 
of the ditrigonal pyramids was found by G. B. Negri to be a : c=i : 1 2265. 

B. W. Frazier obtained a similar result. F. Rinne, C. L. Burdick and E. A. Owe*, 

H. Espig, and R. N. Pease studied the X-radiogram of silicon carbide, and the latter 
found the diamond type of lattice with interatomic distances 1*92 A. H. Espig 
obtained evidence of an elementary parallelopiped with a=5*65 X 10“ s cm. 
and c=15'3xl0 -8 cm., and 24 molecules SiC per unit lattice. Some sug- 
gestions on the structure of the crystals were made by H. M. Dowsett in order to 
explain their physical properties. M. L. Huggins discussed the electronic structure 
of the silicon carbide mol. F. Becke found the corrosion figures corresponded 
with the ditrigonal pyramidal symmetry. O. Weigel also studied the corrosion 
figures with fused potassium carbonate and nitrate. The plane of t winnings is the 
unit rhombohedron. F. Rinne also made observations on the crystals. There is no 
distinct cleavage. The fracture of the crystals is subconchoidal. C. L. Burdick 
and E. A. Owen found the X-radiogram of carborundum to show that the 
silicon and carbon atoms are each arranged on face-centred rhombohedral lattices** • 
which are very nearly cubic, for a=89° 56' 10". The carborundum lattice is there- 
fore very nearly that of the tetrahedral diamond lattice each being constituted of 
two interpenetrating face-centred lattices. The vol. of the elementary rlfombo- 
hedra is 20*70 xIO -24 c.c. and the mol. wt., when the at. wt. of hydrogen .is 1*04 
XlO -24 grm., is 65*5 XlO -24 grm. The calculated density is therefore 311. The 
aide of the elementary rhombohedron is 4 356, and the closest approach of the 
atoms is 1*88 A. F. Rinne has made observations on this subject. R. N. Pease 
calculated 1*94 A. for the atomic radii of thd atoms in silicon carbide. 

H. Moissan gave 3*2 'for the specific gjavity of silicon carbide crystals; 

F. A. J. Fitzgerald found the sp. gr. of carborundum ranged from 3*1716 to 3*214 ; 
and O. Miihlhauser found the sp. gr. to be 3*22 at 15°*, J. W. Richards, 3*125-3*800 
at 20°; L. Franck, 3* 10-3*30 ; and 0. Weigel gave • 

26*7*. 100* •32'S* 118*9* 

Sp. gr. 3*2104 8*2080 2*2021 3*2003 

The difference, said F. A. J. Fitzgerald, is (determined by the proportion of ferrous 
silicide present as an impunity. The hardness of carborundum lies between that *f 
the ruby and that of the diamond or between 9 and 10 on Mohs’ scale, perhaps neaiyp 
10, added F. A. J. Fitzgerald, *for, although carborundum is scratched by the diamond, 
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carborundum will scratch many varieties of the latter. G. F. Kunz added that 
nothing definite is known about the difference in hardness between the units 9 and 
10 on Mohs’ scale, but there is probably as much difference between them as between 
the units 1 and 9. J. H. Pratt ranged the following scale of decreasing hardness : 
carborundum, Georgia corundum, alundum, Chester blue-corundum, Chester emery, 
and Canadian corundum. P. J. Holmquist measured the abrasive action of 
carborundum of different grain-size on quartz, tojtaz, magnetite, fluorite, and 
apatite. A. Hoenig discussed its use as an abrasive. According to T. W. Richards 
and co-workers, the compressibility of carborundum is 0 21 X 10~ 6 kgrm. per 
sq. cm. between 100 and 500 atm. press., and is therefore but little greater than 
that of silicon which is 0*16 x 10“°. 1 

The coefficient of thermal expansion of carborundum between 15° and 100° is 
0 00000658 ; between 700° and 800°, 0 00000438 ; between 800° and '900°, 
0 00000298 ; and at 1000° ± 15°, 0-00000435. L. E. Muller and L. Baraduc-Muller 
gave 0*00000539 between 100° and 200° ; W. C. Rontgen, 0-00000234 at 40° ; while 
C. A. Boeck gave 0-00000474 between 100° and 900°, and for fused alumina 0 00000866 
between 100° and 900°. A. Magnus found the coeff. of cubical expansion of 
carborundum between 0° and 25*027° to be 8*8 X 10" 6 . According to O. Weigel, the 
true cubical and linear expansion coeff. parallel to the vertical axis are as follows : 



0° 

100° 

200° 

300° 

400° 

Linear X 10® 

. 2-118 

2-666 

3-214 

3-763 

4-310 

Cubical X 10® 

6-354 

7-998 

9-642 

11-289 

12 930 


a^d he represented the length at 0° by ^o(l+l*44 6 21 180 -j-0 082741^ 2 ). He also 
found for the change of the crystal angles 

, *20 7° 402° 601-5 0 

30° 24' 53" 30° 24' 54' 30° 24' 45" 


H. N. Potter gave 0-1857 for the specific heat of crystalline carborundum. 
W. Nernst and F. Schwers determined the sp. ht. of carborundum below —176-5°, 
and A. S. Russell between —135° and 25°, and 0. Weigel between 0° and 1000°. 
Th<; latter gave : 

273° 473° 673° 7037° 773° 872° 1073° 1273° K 

• Sp. ht. . . 0-140^ 0-233 0-277 0 282 0-282 0-275 0 225 0 129 


Selecting values for the mol. ht. over the whole range of temp, on the absolute scale, 
we obtain : 

32° 03- r 00-5° 138° 473° 673° 773 n 873° 1073° 1273° 

Mol. ht. . 0 099 0 197 1-013 2 06 9 39 11 16 11-36 11 08 9 07 5'20 

• 

Half thymol, ht. of carborundum, and the at. ht. of carbon and silicon are plotted 

with temp, in Fig. 25. There 
is thus a maximum value in the 
sp. ht. of carborundum in the 
vicinity of 447° or 720° K. A. 
Magnus found that the additive 
rule holds "fairly well at ordinary 
tern])., and he represented the 
thermal capacity between 0° and 
0° by 0*155240 +1*9807 
v 0° Z00* * 00 * 600* 800° 1,000* tfOO°K X 1O“ 4 0 2 — 1*0666 x 10-708 — 

Flo. 25. — Atomic Heats of Carbon and Silicon, and 4*264 X 1O^ 11 0 4 +5*551 XlO~ 14 0®. 
Half the Molecular Heat of Carborundum at Different 0. Weigel also calculated the 
Temperatures. f ree energy of carborundum at 

different temp, and estimated it to be 2000 cals, at 0° K., falling to about 700 cals, 
at 700° K. O. Weigel estimated the melting point to be near 2227°, or 2500° K., and 
heace, from J. W. Richard’s formula : heat of fusion=l*06RT,, or 5250 cals., dr 
from E. GrUneison’s formula heat of fu8ion=0*96JR7 1 ,, or 4500 cals. E. Tiede and 
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E. Birnbrauer gave 1650° for the temp, at which vapour is given off. R. S. Hutton 
and J. R. Beard found the thermal conductivity of white Calais sand between 20° 
and 100° was 0*00060 ; . that of carborundum, 0*00050 ; and that of coarse 
carborundum 0*00051 cal per cm. cube per °C. per sec. ; and 0. S. Beecher reported 
the thermal conductivity of carborundum bricks to be 0*0150 cal. F. A. J. Fitz- 
gerald found that carborundum at 435° transmits 79 per cent, more heat than fused 
alumina, and 117 per cent, more than silica ; while 8. Wologdine gave for tho 
conductivity at 1000°, in gram cals, per cm. cube per °C. per sec., of bricks made 
from 

Carborundum Magnesia Chrome Clay Silica 

Conductivity . . 0 0231 0 0071 0 0067 0 0042 0 0020 

According tq F. Becke, the double refraction of carborundum is positive, and the 
indtfX of refraction for Na-light is w=2*786, and €=2*832 ; L. E. Jewell gave 
<0=2*72 for the red and 3*4 for the violet, and for c=2*80 and 3*80 respectively. 
H. E. Merwin found the indices of refraction for light of wave-length A to bo 

A . .766 720 671 636 408 422 410jum 

o> . . 2-010 2-622 2-633 2-076 2 713 2-763 2*767 

c . . 2-664 2-000 2-073 2*721 2-703 2808 2-812 


0. Weigel represented his observations on <o by 0*83921 -J-5*70990A( A 2 — 161 2 )' 1 , 
with good results. He also measured values of e and o>, and found the effect of temp, 
on co to be for A=455*4 u/x, 2*71255(l-j-O*O 4 2321O0-fO*O 7 11237^) ; for A=493*4/x/x, 
2*68751(1 + O*O 4 215990+O*O 7 1OO730 2 ); for A = 553*6/x/x, 2 65921(1 + O*O 4 2O6890 
-f-O*O 8 8O630 2 ) ; for A=614*2/x/x, 2 63915(1 -fO*O 4 2OO6O0+O O 8 78310 2 ); for A=649*7y/z, 
2*63O13(1+O*O 4 2OO30+O*O 8 7 2410 2 ). O. Weigel discussed the vibration-frequency 
of carborundum, and he showed that when a clear, cdlourless carborundum 
crystal is heated to redness, it acquires a deep greenish-yellow colour, and again 
becomes colourless when the crystal has cooled down to its former temp. This 
behaviour indicates that considerable changes occur in the absorption spectrum as 
the temp, changes. The following is a selection from O. Weigel’s measurements 
of the transparency and the extinction coefficients for different wave-lengths at 
different temp. : 


| Wave length, A 
79° < Transparency 
( Extinction . 

{ Wave length, A . 
Transparency 
Extinction . 

( Wave-length, A . 
416-3° < Transparency 
( Extinctjpn . 

{ Wave-length, A . 

Transparency 
Extinction . 

{ Wave-length 
Transparency* 
Extinction . 


417-3 429*0 440-4 

0-376 0-609 0-596 

0-177 00085 0-0137 

423-2 438-8 4404 

0-314 0-406 0-578 

0-242 0-100 0-0234 

429-0 440-6 452-2 

0-220 0-301 0-538 

0-358 0-190 00468 

462-2 403-8 476'4 

0*0734 0-190 0-356 

0-763 0-410 0-195 

487-0 492-8 498*6 

0-127 0-1T0 0-263 

0-502 0-461 0-304 


604-4 020*5 701*8/4/4 

0021 0-676 0-430 

00029 00303 0-144 

504-4 020-5 713-4 pu 

0-696 0-583 0*4p, 

0018 0*031 0-141 

504-4 020-5 « 713-4 /4/4 

0-591 0-67 L‘ 0*436 

00172 0-301 0-130 

487 0 502-6 • 713*4/4/4 

0-501 0-687 0*440 

0072 0*0198 0-124 

504-4* 510-2 610/ip, 

0-310 0-387 0*462 

0-234 0*106 0*100 


W. W. Coblentz measured the ultra-red reflection spectrum of carborundum, and 
said that it is the most remarkable one yet discovered. It remains fairly coflStant 
up to 9u, and then drops abruptly to a low value at about 10/x, and then attains an 
abnormally high value at beyond- 13/x, as shown in- Fig. 26. C. Schaefer and 
M. Thomas studied the ultra-red absorption spectrum of silcon carbide. 

* At ordinary temp., the electrical conductivity of carborundum is very low, 
being much less than that of carbon : the conductivity increases rapidly as the 
temp, rises, for the temp, coeff. of the electrical resistance is large and negatiye. 
(jh W. Pierce and R. D, Evan? slewed that contact difficulties prevent aoctfrats 

vm* V. 3 L 
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determinations of the conductivity of the crystalline materials. The Carborundum 
Co. give for the sp. resistance, R, of the dense crystalline material in ohms per cm. 
cube ; • 

26° 100° ’ 200° 400° 000° 800° 1000° 1200° 1400° 

R .. 60 46-4 36-9 20 6 14-0 7’8 3'7 1'3 0-05 


The values of O. Weigel are plotted in Fig. 27. The effects of alternating and 




Fig. 20. — Ultra-red Absorption 
Spectrum of Carborundum. 


Fig. 27. — The Effect of Temperature 
on the Electrical Resistance of 
Carborundum. 


direct currents at 14*7° to 15*5° and different voltages on the resistance in ohms are 
as follow : 

Voltage . 0*036 0*384 0*840 1*690 6*58 8*10 12*2 31*3 

(Direct . 14390 13529 13148 10243 9011 7513 0420 5873 

A \Alternating 8018 8116 8149 8116 8051 8018 7921 7921 

The resistivity varies with the porosity and chemical composition, when the material 
is bonded'into bricks with clay, the sp. resistance is much higher, being 

25° 200* 410 u 000° 700° 800° 1100 1200° 

RX 10 4 . . 28*4 27*0 7*0 25*0 2*8 2*4 0*15 004 

E. A. J. Fitzgerald has made analogous observations. G. W. Pierce and R. D. Evans 
found the electrostatic capacity of carborundum to be 0*006-0'022 microfarads ; 
the existence of capacity was attributed to the existence of numerous alter- 
nating conducting and insulating strata within the crystal. The action of the 
carborundum as a detector for electric waves and as a rectifier for electric currents 
is independent of its action as a condenser ; but it will detect electric waves or rectify 
only, provided contact is made to one or more of the conducting strata. It may detect 
f eTectric waves with an adjustment that shows no capacity by the present method 
of measuring* capacity. On the other hand, with every adjustment at which there 
was capftdty, there was also a rectification and a detection of the electric waves. 
H. M. Dowsett measured the rectification effect of carborundum, and he found that 
the crystals act as normal conductors with a few hundred ohms’ resistance for currents 
flowing parallel to the crystal faces, whereas at right angles to these directions, 
an e.m.f. has to be applied to force an elastic opening into the path or paths parallel 
to that crystal face ; this opening has a high resistance — of the order 20,000-250,000 
ohmsr— until its elastic limit is exceeded. The crystals of green carborundum find 
it easier to receive than to give up electrons, and conversely with the crystals of 
black carborundum. According to H. S. Roberts and L. H. Adams, in wireless 
tele^aphy, the inducted alternating currents are of such high frequency that if the 
diaphragm of a telephone cbuld be made to vibrate in unison, the sound would be 
bo shr ill as to be beyond the range of the human ear. To make them audible, the 
waves must either be broken up into like groups or trains which follow one another 
at an audible frequency as in wireless telegraphy, or modulated bo that their ampli- 
tude varies in time with an audible vibration as in wireless telephony. In either 
case they remain high-frequency electromagnetic waves. In the receiving apparatus 
the ^high-frequency e.m.f. is impressed on a circuit whose function is to distort the 
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alternating current wave so that more current flows in one uirecwou man another. 
The distorted wave then behaves as if it were the sum of a high- frequency alter- 
nating current and a direct current, ef which only the latter is capable of actuating 
the telephone receiver. The ideal detector would allow current to pass in one direction 
only, and it is therefore an electrical rectifier. The crystal dkector consists of a 
small area of contact between two suitable conductors at least one of which is a 
crystal ; it operates in virtue of the fact that the current flowing through such a 
contact is not proportional to the e.m.f. driving it. The effect with carborundum 
is illustrated by Fig. 28, where the current in 
millionths of an ampere is plotted against the 
potential difference in volts between the fusible 
metal in .which the crystal carborundum was 
mounted and the spring contact against one of the 
corners of the crystal. The subject has also been 
discussed by H. M. Dowsett, and F. Luclisinger. 

Carbon silicide is not magnetic. The magnetic 
properties of commercial carborundum depend on 
the ferruginous impurities in the crystals. Medium 
grades of carborundum show from 5 to 10 per 
cent, of grains are susceptible to a magnet. 

Carborundum is highly resistant to chemical action. There is little or no action 
when carborundum is heated in hydrogen. Similar results were obtained with 
nitrogen or carbon monoxide. According to H. Moissan, and L. K. Muller and 
L. H. Baraduc, carborundum is not altered at 1000°, in oxygen, but between 1000° 
and 1350°, it is slightly oxidized in air ; between 1350° and 1500°, the silica which is 
formed is fused ; between 1500° and 1600°, oxidation is much retarded by tjie fused 
silica coating ; and at 1750°, oxidation proceeds quickly. The vap. of water and 
carbon dioxide become active only at their dissociation temp., 1775°-1800°. At 
600°, carborundum is but superficially attacked by chlorine in 1| hrs., but 
at 1200°, decomposition is complete. At 900°, the reaction furnishes silicon tetra- 
chloride and carbon ; at 1000° to 1100°, both carbon and silicon tetrachlorides ate 
formed. Boiling hydrochloric acid, hydrofluoric acid, or a mixture of mdno- 
hydrated nitric acid and hydrofluoric acid, which attacks silicon very readily, is with- 
out action on carborundum. The vap. of sulphur does not attack carborundum at 
1000°, and boiling sulphuric acid has no action. Carborundum is attacked ener- 
getically by silica at 2000°-2500°, forming silicon. M. Wunder and B. Jeannerct 
found that when carborundum is heated for 3 hrs. with phosphoric acid of sp. gur • 
1-75, at 230°, a syrupy liquid and a gelatinous precipitate are formed ; .any carbon 
present remains undissolved. O. Miihlhauser, and B. Neumann found* that it 
forms a metal silicide with copper oxide at 800° ; with iron or nickel COride at 
1300°; with manganese oxide at 1360°; and with chromic oxide at # 1370°. 
Carborundum does not attack platinum over an ordinary Bunsen burner, 
but the metal is attacked if it be heated over a blast-flame. Fused potassium 
hydroxide gradually disintegrates and slowly dissolves carborundum, forming 
potassium carbonate *and, silicate ; carbofundum is also decomposed by fused 
potassium carbonate. O. Weigel gave for # the action of sodium carbonate : 
CSi-f 3 Na 2 C 03 =Na 2 Si 0 3 -f 2Na 2 0 + 4CO. Carborundum is decomposed by fused 

ftllqdi sulphates, fused borax, or fused cryolite ; tnd it is attacked by calcium 
oxide or magnesium oxide at 1000°. Fused potassiunf chlorate and fused 
pota ssium nitrate have no action. .Carborundum is attacked by sodium silicate 
at 1300°, and the attack is specially active in the presence of oxidizing gases or 
oxidizing salts. Carborundum is slowly but completely oxidized by fused lead 
chromate J and when heated with a mixture of potassium dichromate and lead 
chromate, the reaction is explosive. 

According to P. Schiitzenberger and A. Colson, when.crystoilizeJ silicon is heated almost 
to whiteness in a porcelain tube in an a*m. of carbon dioxide, the latter is absorbed, with 



Fio. 28. — Current-Voltage 
Curve of Carborundum. 
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formation of a greenish-white mass, which may be freed from silicon by washing with 
hot, moderately cone, potash. The residue is then treated with hydrofluoric acid, which 
dissolves out silica, leaving a greenish powder, insoluble in boiling soln. of the alkalies, and 
not attacked by any acids. It has a composition corresponding with silicon oxye&rblde, 
(SiCO) H , and is formed in accordance with the equation 3Si+2CO a =SiOft'f 2SiCO. When 
heated in oxygen, it yields only a trace of carbon dioxide, but is oxidized with incan- 
descence when heated with litharge or a mixture of litharge and lead chromate. By passing 
hydrogen gas mixed with benzene vap., or ethylene over silicon heated to bright redness, 
A. Colson obtained a mixture of silicon dicarbide, SiC 2 , "Silicon dloxycarbide, 8iCO t , and 
sllicoft trioxycarblde, SiC0 3 ; and he obtained silicon oxydloarblde, Si 2 C 2 0, by heating 
silicon sulphocarbide, Si 4 C 4 S, in oxygen, or by the action of carbon dioxide on heated 
silicon. He found that when powdered silicon is placed in a gas-carbon crucible lined with 
compressed lampblack, and this, in turn, is placed inside a brasqued crucible and heated to 
whiteness, a regulus containing silicon oxycarbide is formed. The regulus is*detached, freed 
from adhering charcoal, powdered, and purified by treatment with potash and, hydrofluoric 
acid. The bottle-green powder thus obtained is silicon dioxytricarblde, Si 2 C 8 0 2 . Prolonged 
aotion of oxygen at a rod heat gradually removes the excess of carbon. If a mixture of some- 
what thick iron wiro with lampblack and silica be similarly treated, a crystalline silicon 
hexaferrocarbide, Fe B Si 8 C (sp. gr. = 6 6), is formed. This compound is formed only after 
prolonged heating at a very high temp. There is nothing to show if these oxycarbides, or 
carboxides, are not simply mixtures of silicon, silica, and silicon carbide, E. G. Acheson 
noted their presence in the zone of the so-called amorphous carborundum in the electric 
furnace. In fact, this form of amorphous carborundum appears to be incompletely reduced 
silica, and is regarded os a solid soln. of silicon carbide in silica. A similar product with a 
felt- like structure was made by F. J. Tone. E. G. Acheson gave the material the trade-name 
ailixicon ; its composition ranges from Si 2 C 2 0 to Si 7 C 7 0. The general formula is (SiC) u O, 
where n varies from 1 to 7. The higher the temp, of formation, the grfater the value of n. 
These oxycarbides oxidize more easily than carborundum when used as furnace linings : 
(SiC) M 0+$(4n-l)0 2 = wSiO a -j-nCO,. It is analogous, to the carborundum fire-sand. It has 
been described by G. Krell, P. E. Spielmann, N. Heym, F. Bdlling, R. Amberg, etc. In 1894, 
O. Miihlhftuser noted the presence of a fibrous material in the manufacture of carborundum 
and assumed its eompefeition to be AlSi 2 C 7 ; and in 1897, C. A. Kolin made a similar obser- 
vation, But regarded the material os finely divided carborundum. According to E. Wein- 
traub, when silicon is heated in a graphite crucible at 1400°-1500°, a small quantity of 
calcium fluoride being present, the crucible becomes filled in a few hours with a fibrous 
mass of silicon oxycarbide. After breaking away the slag and reheating, a further quantity 
may be obtained. This material, known as fibrox, is made up of very fine, amorphous 
threads, sometimes carrying minute beads of vitreous silica. It is formed by reactions in 
Upstate of vap., and experiments in an electric furnace show that the presence of earbon 
dioxide is nocessary. The sp. gr. varios from 184 to 2 2, increasing with the percentage of 
silicon. The apparent sp. gr. of the fibrous mass is only 0 , 0025-0 , 0030, or 2 , 5-3 , 0 grms. 
per litre. The thermal resistance in the loosely packed condition is very high, but dimin- 
ishes with rising temp. Thus, the resistivity in ohms is 4190 at 100° ; 3300 at 200° ; 
2285 at 300° ; and 2195 at 500°. Fibrox is not hygroscopic and is permanent in 
air ; above 1000°, it oxidizes slowly and is transformed into silica. It is a relatively good 
♦ electrical conductor, and its conductivity increases with compression, and it also depends 
on the carbon content. For monox , see silicon monoxide. 

According to L. Franck, 2 carbon unites with titanium in all proportions, forming 
crystalline carbides. P. W. Shinier isolated titanium carbide , 4 TiC, in minute, 
metal-ftke, cubic crystals from the residue left on dissolving 250 grms. of pig-irou 
in dil. hydrochloric acid. H. Moissan prepared this carbide by heating a mixture of 
titanic oxide (160 parts) and carbon (70 parts) in an electric arc furnace for 10 min., 
TiOjj-f 2C=TiC-l-C02. F. M. Becket obtained the carbide, by a similar process. 
H. Moissan obtained titanium carbide by beating titanic oxide with calcium carbide. 
The carbide occurs in fused masses Vith a crystalline fracture, or in crystal aggre- 
g^jjes. There is always a slight excefes of carbon which has crystallized from the 
fused mass as graphite. The graphite retains tenaciously traces of titanium. 
K. Nischk studied the formation of titanium carbide. P. W. Shimer gave 5*1 for 
the sp. gr. of titanium carbide, and H. MoissEm, 4‘25. W. R. Mott gave 4300° for 
the b.p. of titanium carbide at 760 mm. P. W. Shimer said that titanium carbide 
is soluble in nitric acid ; H. Moissan ^aid that, unlike titanium, the carbide is not 
attacked by hydrochloric acid ; but it is slowly attacked by aqua regia. The yap. 
•of water has no action at 600°. The reactions of the carbide resemble closely those 
.of titanium, but the carbide burns more easily in, oxygen, for it ignites at a dull red 
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heat, and the evolution of heat causes the mass to become incandescent. When 
the powder is sprinkled in a Bunsen’s flame, it furnishes sparks more vivid than those 
obtained with titanium. , 

According to J. J Berzelius, 3 zirconium carbide is formed when zirconium is 
prepared by reducing a zirconium compound with potassium containing carbon. 
It resembles zirconium in appearance ; it dissolves in hydrofluoric acid, leaving a 
residue of carbon ; with boijjng hydrochloric aGid it evolves hydrogen and some 
hydrocarbons ; and when burnt it forms zirconia, which is not perfectly white 
because a portion of the carbon escapes combustion. L. Troost made a product 
with 77-6 percent, of Zr, namely, zirconium dicarbide, ZrC 2 , by heating an intimate 
mixture of zirtonia and sugar charcoal in an electric furnace. It is not clear whether 
the product is a chemical individual or a mixture. It is readily attacked by dil. or 
cone* hydrofluoric acid, but not by other acids ; L. Renaux made, zirconium carbide 
from a mixture of zircon and calcium carbide ; and E. Wedekind, from a mixture 
of zircon, carbon, and lime. According to H. Moissan and M. Lengfeld, zirconium 
dicarbide is obtained by heating to a high temp, in an electric arc furnace, a 
mixture of zirconia and sugar charcoal. W. li. Mott gave 5100° for tho b.p. of 
zirconium carbide at 760 mm. This carbide, said H. Moissan, has a grey colour 
and a metallic lustre, scratches quartz but not rubies, and is not attacked by dry or 
moist air even at 100°. It burns in fluorine in the cold, in chlorine at 250°, in bromine 
at 300°, and in iodine at about 400°, and it is readily attacked by halogen hydracids. 
At a dull red heat, it burns brilliantly in oxygen, and is slightly attacked by 
sulphur vap. at the same temp. Water, ammonia, and hydrochloric acid do not 
attack the carbide even when strongly heated. Nitric and sulphuric acids attack 
it, and oxidizing agents such as potassium chlorate, nitrate, or permanganate, Is 
well as the hydroxide, decompose it readily, but fused potassium cyanide is without 
action. • 

No germanium carbide has been reported. L. M. Dennis 4 and co-workers failed 
to obtain one by heating a mixture of carbon and finely powdered germanium up 
to the temp, at which the metal volatilized. O. Ruff and B. Bergdahl found that 
tin dissolves only traces of carbon, while lead dissolves 0 024 per cent, at 1170°, and 
0’094 per cent, at 1555°. According to H. Moissan, tin does not unite with oarbon ; 
when stannic oxide is heated with calcium carbide, the metal is produced but no 
tin carbide is formed. He likewise failed to prepare lead oarbide. According to 
J. F. Durand, calcium carbide precipitates impure lead carbide, Pb(J 2 , from a soln, 
of normal lead acetate. The greyish powder is stable in air and water, but it 
gives acetylene when treated with dil. hydrochloric acid— vide the action of 
carbon on lead. 0 * 

The carbide of cerium has been described in connection with the rar<? ea^th metal 
carbides — vide supra. L. Troost 5 found that a mixture of thoria and sugar charcoal in 
the electric arc furnace furnishes thorium dicarbide, ThCo, more readily than does zir- 
conia. H. Moissan and A. $tard prepared it in a similar manner ; and E. Kunhcira, by 
heating a mixture of thorium sulphate and retort carbon in the electric arc. Accord- 
ing to H. Moissan and A. fitard, thorium carbide forms a homogeneous mass possess- 
ing a crystalline fracture.. It consists of small, transparent, yellow crystals mixed 
with some graphite laminae ; its sp. gr, is 8 96 at 18°*; L. Troost gave 1015 at 15°, 
and he found that the product is not so haref as zirconium carbide, but it is brittle 
and scratches glass slightly, W. R. Mott gave 5000° ■for the b.p. of thorium carbide 
at 760 mm. H. Moissan and A. $tard said that thorium carbide closely rcseiflbles 
yttrium carbide in its properties. # When exposed to ’moist air, thorium carbide 
slowly decomposes with intumescence. When heated fn air, it readily bums with 
incandescence. It is decomposed by cold water giving off a mixture of gases 
containing f 

c,H, c,h 4 <;h 4 h* 

Percent. . ’ . . 47’6 5‘8 29*4 171 

and some liquid and solid* hydrocarbons. P, Lebeau and A, Damiens obtained 
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from thorium carbide and water a mixture of gases similar to those obtained 
from uranium carbide, excepting that more acetylene homologues and less 
methane were present. H. Moissan and <A. Etard found that sulphur vap. 
attacks heated thorium carbide with incandescence ; selenium vap. acts in 
a similar way. In the one case, thorium sulphide, and, in the other case, 
thorium selenide are formed. With hydrogen sulphide at a red heat, the 
reaction proceeds slowly without -incandescence. Hydrogen chloride attacks the 
carbide at a dull red heat with incandescence. Cone, acids have but little action, 
while dil. acids rapidly attack the carbide. When heated to about 500° in ammonia 
gas, thorium carbide furnishes hydrogen and thorium nitride. Fused potassium 
hydroxide, potassium chlorate, or potassium nitrate decomposes the carbide with 
incandescence. L. Troost said that if a mixture of thorium carbide and, an excess 
of thorium oxide is heated in the electric arc furnace, it furnishes small metallic 
masses which do not alter in air. E. Kuriheim confirmed many of these observations. 
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§ 19. Carbides of the Nitrogen, Vanadium, and Chromium Families of 
Elements 

Cyanogen, C 2 N 2 , and paracyanogen represent the binary combination of carbon 
and nitrogen, nitrogen carbide or carlnm nitride ; and hydrogen cyanide, HON, is 
the hydrogen derivative. 

E. de Mahler 1 found that the solu. of the halides of the metalloids .react 
quantitatively with Gr. I. Iotsitseh’s halides of magnesium carbide to form a carbide 
of the metalloid. For example, phosphorus tricarbide, PC 3 , or P 2 C 6 , was formed as 
a yellowish-white amorphous precipitate, 2PCl 3 4-3C 2 Mg 2 l 2 --P 2 C 6 -f3Mgl r f 3MgCl 2 , 
insoluble in ordinary solvents, and not attacked by acids or alkalies. It takes fire 
when slightly heated and burns to phosphorus pentoxide without liberating cartypi # 
The corresponding arsenic tricarbide, AsC 3 , or As 2 C 6 , was similarly obtained as a 
brown amorphous precipitate with properties resembling the phosphorus com- 
pound. It explodes when warmed or rubbed, with the liberation of draenic and 
carbon. H. Moissan failed to make bismuth carbide, by the action of calcic. a carbide 
on the oxide. 0. Ruff and B. Bergdahl found that arsenic and bismuth dissolve 
only traces of carbon ; antimony dissolves 0 033 per cent, at 1055°, and 0‘094 per 
cent, at 1327°. No antimony carbide has been made. • 

H. Moissan 2 prepare^ vanadium carbide, VC, by heating the oxide with carbon 
in the electric furnace. The crystalline massjias a sp. gr. 5 36 ; it scratches quartz, 
and fuses at a higher temp, than molybdenum. W. R. Mott gave 3900° for the b.p. 
of vanadium carbide at 760 mm. When heated* to dull redness in oxyge^ the ( 
carbide burns with incandescence ; it is not attacked by water at a dull red heat ; it 
becomes incandescent in chlorine at 500° ; it is not attacked by hydrogen chloride 
or sulphide at a dull red heat ; it does not unite with sulphur vap. at the softening 
temp, of glass ; and it is not attacked by hydrochloric or sulphuric acid. When 
heated to redness in nitrogen, or ammonia, the carbide forms the metal nitride ; it 
is attacked in the cold by nitric acid ; and when melted with potassium chlorate or 
nitrate. . • 

A Joly 8 heated potassium •colnmbate with sugar chaVcoal and dry potassium 
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carbonate in a carbon crucible to the m.p. of nickel, and purified the product by 
digesting it at ordinary temp, in cone, sulphuric acid ; then at 50°-60° with 1 .* 1 
sulphuric acid ; and finally washing thoroughly with water. The dark-blue, acicular 
crystals had a composition corresponding with columbium carbide, CbC. He also 
obtained a carbide by similarly treating columbite from Greenland. H. Moissan 
observed that carbon is slowly absorbed by molten columbium, and he made the car- 
bide by reducing columbium pentoxide with carbon in the electric furnace. Similar 
products were prepared by A. Larsson, and W. von Bolton. The product is very 
hard ; scratches glass and quartz ; and is not attacked by acids excepting sul- 
phuric and hydrofluoric acids. W. R. Mott gave 4300° for the b.p. at 760 mm. 

A. Joly, H. Moissan, and W. von Bolton prepared tantalum carbide, TaC, in a 
similar manner. It resembles columbium carbide in its properties. W. R. Mott 
gave 5500° for the b.p. at 760 mm. 

According to H. St. C. Deville, 4 a compound of chromium and carbon is formed 
when chromium is reduced from the oxide by an excesB of carbon; and 
H. St. C. Deville and H. Debray made observations to the same effect. W. Hempel 
and P. Rucktaschel made alloys of chromium with 2 23 per cent, of carbon. Accord- 
ing to H. Moissan, chromium readily dissolves carbon at a high temp., forming two 
carbides, Cr 4 C and Cr 3 C 2 ; at still higher temp, relatively large amounts of carbon 
are dissolved, and these are rejected on cooling in the form of graphite lamellae. He 
made chromium ditritacarbide, Cr 3 C 2 , by heating in an electric furnace a mixture of 
chromium and an excess of carbon. The same product was obtained by heating 
a mixture of chromic oxide and calcium carbide. The lamellar or acicular crystals 
havp a sp. gr. 6*47 and scratch quartz and topaz. The carbide is stable at a high 
temp. O. Ruff and T. Foehr gave 6*683 for. the sp. gr. at 21 , 3°/4°, and 1890 ± 10° 
for the m.p. W. R. Mott gave 3800° for the b.p. of chromium carbide at 760 mm. 
The carbide is not attacked by water at ordinary temp, or at 100° ; it is not attacked 
by cone, hydrochloric acid, but is slowly attacked by the dil. acid ; it is not attacked 
by ordinary or fuming nitric acid or by aqua regia ; it is slightly attacked by fused 
potassium hydroxide ; and it is readily attacked by fused potassium nitrate. 

O. Ruff and T. Foehr found it is decomposed by chlorine at a red heat, and when 
molten it reduces magnesia, alumina, and zirconia. II. Moissan sometimes found 
reddish-brown needles on the surface of ingots of chromium, and in geodes in 
the middle of the mass. The composition corresponds with chromium tetrita- 
C&rbide, Cr 4 C. The sp. gr. is 6'75. 0. Ruff and T. Foehr observed no trace of 
Cr 4 C in their study of the Cr-C system. 0. Ruff studied the composition-temp, 
diagram for press, of 10 mm. ; at 2270°, the mixture boils, and the vapour is wholly 
that of chromium ; between 2050° and 2250°, the fusion is constant in composition 
and corresponds with Cr 3 C 2 ; between 1875° and 2050°, graphite and carbon exist 
side by shll as solid phases ; and there is evidence of the existence ^of chromium 
dipentitacubide, Cr 5 C 2 , which 0. Ruff and T. Foehr prepared as silvery crystals of * 
sp. gr. 6’915 at 24 , 8°/4° ; and m.p. 1665°. It is not attacked by aqua regia, and 
is not decomposed on melting. K. Nischk studied the formation of chromium 
carbides, and claimed to have made chromium hemicarhide, Cr 2 C, but 0. Ruff said 
that K. Nischk has mistaken this for the dipentitacarbide. 0. Ruff and 
T. Foehr obtained evidence of the existence of Cr 2 C, or Cr 4 C 2 , but they could not 
isolate the compound from alloys with 23 per cent, carbon. When this alloy is 
treated with hot, 24 per cent, hydrochloric acid, and graphite is removed from the 
residue, the ditritacarbide remains. The portion of the f.p. curve which has 
been explored is indicated, in Fig. 29, where the dotted lines are uncertain. 

0. R. Austin made some observations on this subject. 

H. Debray 6 obtained molybdenum carbide by heating molybdenum oxide with 
carbon. H. Moissan found that molybdenum dissolves carbon readily in the electric 
furnace and it forms' two carbides. More carbon is dissolved at a higher temp., and 
thft separates ‘out as grajphite on cooling. He prepared molybdenum dicarbide, 
MoC^, by heating molybdenum dioxide (250 grm£.) ICi 10 mina. in an electric furnace 



/,«kn- 




ft 


frA~~ 


CARBON 889 

with an excess of carbon (60 grins.). The excess carbon is transformed into graphite, 
t is also made by heating a mixture of molybdenum dioxide and calcium carbide. 
M. Uuichard obtained the carbide by* heating moly- 
-* n a carbon tube in an electric furnace. 

N. Pring and W . Fielding made the carbide by 
electrically heating a carbon rod above 1330° in an 
atm. of molybdenum pentachjpride. The white mass . 
has a crystalline fracture. It may be readily broken ' 
on the anvil, and well-defined prismatic crystals may zjOOO^ 
be readily separated. Its sp. gr. is 8*9 ; and it readily ' 
scratches quartz and steel. W. R. Mott ‘gave 4600° 1 , 800 ( 
for the b.p. pf molybdenum carbide. H. Moissan and 
K. Hoffmann prepared molybdenum carbide, MoC, !, 60 <f\ 
by heating a mixture of molybdenum, carbon, and 
an excess of aluminium in an electric furnace. 

K. Nischk studied the formation of molybdenum 
carbide. The dark grey crystalline powder had a sp. 
gr. 8*48 at 20°, and a hardness between 7 and 8. The 
carbide is not attacked by ‘hydrogen at a red heat, 
burns readily in fluorine, forming carbon tetrafluoride 
and molybdenum fluoride, is attacked at a red 
heat by chlorine, at a higher temp, by bromine, and is only superficially attacked 
at a still higher temp, by iodine ; is readily attacked by a mixture of hydrogen 
chloride and bromine vap. and oxidized by heating in air or oxygen, by projecting 
on to fused jpotassium chlorate or nitrate* or by the action of cold nitric acid. It 
does not decompose water even at 500°-600°, is only slowly* attacked by hydro- 
chloric, hydrofluoric, or sulphuric acid, whilst it is unaltered by soln. ol alkali 
hydroxides. M. Ornstein studied the catalytic activity of molybdenum carbide 
on mixtures of methane and carbon monoxide. 

W. Riche 0 observed that tungsten becomes carbonized when melted in a carbon 
crucible in the electric arc ; and C. Matignon observed that at 2130°, a mixture of 
tungstic oxide and carbon forms tungsten and its carbide. W. Hempel tmd 
P. Rucktaschel prepared an alloy of tungsten with 3 3 per cent, of carbon. 
H. Moissan found that molten tungsten dissolves very large proportions of carbon, 
up to 18*8 per cent., and the soln. furnishes graphite on cooling. O. Ruff and 
R. Wunsch gave for the m.p. of soln. of carbon in tungsten : 
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Fig. 29. — Part of Freezing- 
point Curve of tho Chro- 
mium-Carbon System. 
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H. Moissan showed that if the tungsten or tungstic oxide be heated Ssth an 
excess of carbon In the electric furnace, tungsten hemicarbide, W 2 C, is formed as 
an iron-grey mass. He also made it by heating tungstic oxide with calcium Carbide. 

J. N. Pring and W. Fielding prepared tungsten hemicarbide by electrically heating 
a carbon rod above 1500° in an atm. of tungsten hexachloridb. M. R. Andrews 
made this carbide by heatiqg electrically a tungsten filament in hydrocarbon vapour 
— naphthalene, benzene, toluene, anthracene, acetylene, methane, and coal gas. 
The existence of the hemicarbide and the # monocarbide is shown by points of 
inflexion on the resistance curve of the filament. Tflo carbide is decarbonizecUby 
heating the filament in vacuo at 2700° K., whereby carbop is volatilized without loss 
of tungsten. P. C. Rushen described the manufacture of tungsten carbide by working 
at a temp, higher than that required for the formation of ’the carbide, and removing 
the free graphite which separates during cooling by the addition of 7 to 8 per cent, 
molybdenum or one of its compounds. Th%molybdenum volatilizes completely and 
enables the free carbon to be readily removed. The sp. gr. of the tungsten hemicarbide 
is 16*06 at 18°. It iB hard enough to scratch corundum. The properties approx* 
mate to those of the metal* but the carbide is more readily attacked by reagents. 
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According to H. Moisaan, it is not attacked by water ; it burns in oxygen at abont 600° 
producing tungstic oxide and carbon dioxide. In cold fluorine the carbide becomes 
incandescent ; when heated to redness in nitrous oxide or nitrogen peroxide it burns 
with incandescence ; it is but slowly attacked by cone, sulphuric or hydrochloric 
acid ; but it is dissolved by boiling nitric acid ; and it is oxidized with incandescence 
by fused potassium chlorate, or a mixture of fused potassium nitrate and carbonate. 

P. Williams found that if tungstic oxide, carbon, and«a large excess of iron be heated 
combination occurs at a much lower temp, than when the iron is absent, and a tung- 
sten carbide, WC, is formed. 0. Ruff and R. Wunsch obtained this carbide by 
rapidly cooling a soln. of carbon in the liquid metal ; if slowly cooled, decomposition 
with the separation of graphite occurs. M. R. Andrews made this carbide by electri- 
cally heating a tungsten filament in hydrocarbon vapour. This carbide is an iron- 
grey powder, consisting of microscopic, cubical crystals, which are harder than quartz 
and have a sp. gr.~ 15*7 at 18°. A.Westgren and G. Phragmen examined the X*radio- 
grams of iron tungsten carbide. When the carbide is strongly heated in a closed vessel, 
it melts and decomposes into graphite and the carbide W 2 C, whilst in presence of air 
or oxygen, it slowly oxidizes with the formation of tungstic and Carbonic anhydrides. 
It is attacked by fluorine in the cold with incandescence, but it is not acted on by 
chlorine, bromine, iodine, and the halogen acids. Sulphuric and nitric acids have 
but little action on the carbide, but it is readily oxidized by heating with potassium 
chlorate or nitrate. M. Ornstein studied the catalytic action of tungsten carbide 
on mixtures of methane and carbon monoxide. W. R. Mott gave 6000° for the 
b.p. of tungsten carbide at 760 mm. S. Ozawa studied the tungsten-iron carbides. 

Q. Ruff and R. Wunsch heated tungsten in a carbon- tube electric furnace and 
found carbon to be absorbed, and tungsten tritacarbide, W 3 C, to be formed. It 
melts above 2700°, and it does not form solid soln. with tungsten. M. R. Andrews 
obtained no evidence of this compound when a tungsten filament is heated in the 
vapour of hydrocarbons. 

According to H. Moissan, 7 the solubility of carbon in molten uranium approaches 
that of carbon in iron ; and he prepared uranium hemitricarbide, U 2 C 3 , by heating 
an intimate mixture of uranium oxide (500 grms.) and sugar charcoal (50 grms.) in 
a carbon crucible in an electric furnace for 5-10 mins. When the emission of 
sparks has ceased, the liquid carbide is allowed to cool and solidify in the furnace. 
P. Lebeaus analyses bring the composition that of uranium dicarbide, UC 2 , into line 
with the carbides of the rare earth elements. O. Ruff also agrees with this. The 
metallic-looking mass has the colour of bismuth, and a crystalline fracture. The 
crystals have a sp. gr. 11 -28 at 18°. The compound scratches glass and quartz, but 
not corundpm. When struck by a hard body, the carbide emits sparks, and when 
quickly^powdered in a mortar, it takes fire and burns. The m.p. is above that of 
platinuifi. Ch Ruff gave 2425° for the m.p. of the dicarbide ; and E. Tiede and 
E. Birnbrauer, 2260°. W. R. Mott gave 4100° for the b.p. of uranium carbide at 
760 mm. According to H. Moissan, uranium carbide burns brightly in oxygen at 
370°, and when once started, the reaction is propagated throughout the whole mass — 
carbon dioxide and & dark violet uranium oxide are formed. With water at ordinary 
temp, there is a slow evolution of gas which is accelerated if the proportion of water 
be small or the temp, be raised — in tjie absence of air, a green hydroxide is formed, 
in the presence of air, the hydroxide is grey. The analyses of the gas gave 

^cetyleno Ethylene Methane Hydrogen 

Percent. . 0-17-0*72 5-16-6 77 7805-8060 13*5^-15*01 

The total carbon in the gas is about two-thirds short of that in the carbide when 
the reaction is complete. The missing carbon is obtained as a mixture of liquid and 
solid hydrocarbons by extracting the aq. soln. with ether. P. Lebeau and 
A. Damienh obtained H 2 , CH 4 , C 2 H 6 , C^Hg, and small amounts of C 4 H 10 , C 6 H 12 , C 2 H 4 , 
and acetylene homologues from uranium carbide and water. According to 
H. Moissan, uranium carbide, at a dull red r heaft, is decomposed by steam with 
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incandescence, forming a black oxide and carbon dioxide. In the cold, fluorine 
has no action, but if warln, the carbide burns with incandescence ; chlorine 
attacks with incandescence at 300° ; bromine reacts at 390° with a slight 
glow ; and iodine attacks it without incandescence below a red heat, forming 
an agglomerated mass slightly soluble in water, giving a green t»oln. At about 
600°, hydrogen chloride reacts with the carbide with incandescence. Dil. hydro- 
chloric, nitric, and sulphuric^ acids attack the carbide slowly in the cold, giving 
a soln. which is first green and then turns yellow : the cone, acids, excepting nitric 
acid, attack the carbide with difficulty in the. cold, but the decomposition is rapid 
on heating. The carbide bums in sulphur vap. at the softening point of glass 
forming uranium and carbon sulphides ; * selenium acts at a lower temp., forming 
uranium splenide ; at 600°, hydrogen sulphide forms uranium Bulphide. The 
carbide is attached by nitrogen at 1100°, forming some nitride. Uranium carbide 
becomes incandescent in nitric oxide at 370°* and a complex black residue is formed. 
At a red heat, ammonia forms some nitride. F. Haber found that when uranium 
carbide is heated in a mixture of nitrogen and hydrogen, uranium nitride is formed, 
and this acts catalytically on the mixed gases, forming ammonia. According to 
H. Moissan, uranium carbide reacts with fused potassium nitrate or chloride, be 
coming incandescent and forming alkali uranate. 


RkTURENCKS. 

1 E. de Mahler, Bull. Soc. Chim., (4), 29. 1071, 1921 ; G. 1. lotsitsch, Journ. Russ. Phys. Chem. 
Soc., 34. 242, 1902 ; H. Moissan, CojnpL Rend., 125. 839, 1897 ; O. Ruff and B. Bergdah), 
Zeit. anorg. Chem., 106. 70, 1919. f 

8 H. Moissan, Compt. Rend., 116. 1225, 1893; 122. 1297, 1890; Rail. Soc. Chim., (3), 11. 
857, 1894 ; (3), 15. 1279, 1896 ; W. R. Mott, Tran*. Amer. Eledrochem. Soc., 34. 255, 1<)18. 

• A. Joly, Ann. ficole Norm., (2), 6. 147, 1877 ; W. von Bolton, Zeit. Elektrochem., 11. 47, 51, 
1905 ; 13. 145, 1907 ; A. Larsson, Zeit. anorg. Chem., 12. 200, 1890 ; H. Moisten, Compt. Rend., 
133. 20, 1901 ; Bull. Soc. Chim., (3), 27. 431, 1902 ; W. R. Mott, Tran*. Amer. Eledrochem. Soc., 
34. 255, 1918. 

4 H. St. C. DeviUe, Ann, Chim. Phys., (3), 46. 182, 1850 ; H. St. C. Deville and H. Debray, 
ib., (3), 56. 408, 1859 ; O. Ruff and T. Foehr, Zeit. anorg. Chem., 104. 27, 1918; (). Ruff, Znt. 
Eledrochem., 24. 157, 1918; 29. 469, 1923; K. Nischk, ib., 29. 373, 1923 ; H. Moissan, Compt. 
Rend., 116. 349, 1893; 119. 185, 1894; 125. 841, 1897 ; Bull, Soc. Chim., (3), 11. 13, 1016, 
1894 ; W. Hempel and P. Rucktaschel, Zeit. ang/w. Chem., 17. 290, 321, 1904 ; P. llucktilachel, 
Ueber einige Kohlenstoff- und Siliciummetalle, some eine neue, alUjemeine anwendbare Methode 
zur Kohlenstoff -bestimmung in Metallen, Dresden, 1893; W. R. Mott, Trans. Amer. Electro - 
chem. Soc., 84. 255, 1918; C. R. Austin, Journ. Iron Steel fnst,, 108. ii, 235, 1923. 

» H. Moissan, Bull. Soc. Chim,, (3), 11. 857, 1894; (3), 13, 960, J890 ; Compl. Rend., 116. 
1225, 1893; 120. 1320, 1895; 125. 839, 1897; H. Moissan and K. Hoffmann, ib., 138. 155^, 
1904 ; H. Debray, ib., 46. 1098, 1858 ; M. Uuichard, ib., 122. 1270, 1890 ; M. Oinstein, Ueljer 
Wolfram-, Molybddn- und Eisencarbide und ihre katalylische Wirksambit bei der Zersdzung von 
Methan und Kohlenoxyd, Berlin, 19J3 ; J. N. Pring and W. Fielding, Journ. Chem. 95. 1497, 
1909 ; W. R. Mott, Trans. Amer. Eledrochem. Soc., 34. 255, 1918 ; K. Nischk, Zeit Elektro- 
chem., 29. 373, 1923. • 

• W. Hempel and P. Rucktaschel, Zeit. angew. Chem,, 17. 290, 321, 1904; Ueber einige 
Kohlenstoff- und Siliciummetalle, sowie eine neue, allgemeine anwendbare Methode zur Kohlenstoff- 
bestimmung in MetdUen, Dresden, 1893 ; M. R. Andrews, Journ. Phys* Chem., 27. 270, 1923; 

♦ C. A. Matignon, Cmnpt. Rend., 177. 1290, 1923; W. Riche, Ann. Chim. Phys., (3), 50. 12, 1857 ; 
H. Moissan, ib., (7), 8. 570, 1890 ; Bull. Soc. Chim., (3), 11. 1894 ; (3), 15. 1289, 1896 ; Compt. 
Rend., 116. 1225, 1893 ; 123. 15, 1890 ; P. Williams, ib., 126. 1722, 1898 ; 127. 410, 1898 ; 
P. C. Rushen, Brit. Pat. No. 185313, 1921 ; O. Ruff and R. Wunsch, Zeit. anorg. Chem., 85. 292, 
1914; J. N. Pring and W. Fielding, Journ. Chem. Soc., 98. 1497, 1909; W. R. Mott ,Tjpns. 
Amer. Eledrochem. Soc,, 34. 255, 1918 ; M. Omstein, Ueber Wolfram-, Molybddn- und Eisencarbide 
r und ihre katalytische Wifksamkeit bei der Zersetzung von Mdhari nnd Kohlenoxyd, Berlin, 1913 ; 
A. Westgren and G. Phragmen, Nature, 118. 122, 1924; S. Ozawa, Science Rep. Tohoku Univ 
11. 333 1922. 

‘ 8 H. Moissan, Ann. Chim. Phys., (7), 9. 232, 1896 ; Bull. Soc. Chim., (3), 11. 11, 1894 ; (3), 
17. 13, 266, 1897 ; Compt. Rend., 116. 347, 1894* 122. 274, 1088, 1896 ; P. Lebeau, ib., 152. 
955, 1911 ; P. Lebeau and A. Damiens, ib., 156* 1987, 1913 ; O. Ruff, Ber., 43..1564, 1010 ; 
O. Ruff and A. Heinzelmann, 'Zeit. anorg. Chem., 72. 63, 1911 ; E. Tiede and E. Birnbrauer, xb., 
87. 129, 1014; W. R. Mott, Trans . Amer. Eledrochem. Soc., 84. 255. 1918 ; F. Haber, Gertffn 
Pat., D.B.P. 229126, 1909. • • 



m t INORGANIC AND THEORETICAL CHEMISTRY r 

« 

§ 20. The Carbides of Manganese and of the Iron and Platinum Family 
of Elements 


The early workers on manganese — e.g. J. F. J ohn, 1 etc.— noted that when the metal 
is prepared by reducing the oxide with charcoal, no carbon remains as a residue 
when the metal is dissolved in acid. S. Brown stated that when manganese thio- 
cyanate is ignited it leaves a residue of manganese carbide , MnC ; and manganese 
cyanide, manganese dicarbide , MnC 2> in colourless octahedra. Neither statement 
has been confirmed. J. F. John observed that if manganese is fused a long time 
in a charcoal crucible it dissolves carbon,’ and gives it up on cooling®as manganese 
graphite. W. H. Wollaston stated that the graphite which separates frpm manga- 
niferous cast iron is largely manganese carbide ; but this statement has not "been 
verified. A. Gautier and L. Hallopeaii said that a little manganese carbide and 
sulphide are formed when manganese at 1400° is exposed to the vap. of carbon 
disulphide. W. Hempel and P. Rucktaschel obtained an alloy of manganese with 
0*47 per cent, of carbon. A. Stadeler said manganese does not take up carbon when 
heated with sugar charcoal for 12 hrs. at 1100°. H. F. Jiiptner von Jonstorff found 
that a ferromanganese can dissolve 7 75 per cent, of carbon, forming Mn 3 . 2 C. 
L. Troost and P. Hautefeuille, and H. le Chatelier found that molten manganese in 
a carbon crucible took up 6 7 per cent, of carbon, and gave, on cooling, a crystalline 
solid with a composition corresponding to manganese tritacarbide, Mn 3 C. 
H. Moissan noted that manganese rapidly dissolves carbon at the temp, of the 
elpctric furnace. The manganese can be all removed by volatilization leaving behind 
crystals of graphite free from manganese. H. Moissan obtained the tritacarbide by 
heating a mixture of' 200 grms. manganosomanganic oxide and 500 grms. of sugar 
charcoarin the electric tube-furnace at a temp, upward of 1500°. He also made it 
by heating the’ same oxide with calcium carbide ; the impurities can be removed 
by treatment with cold water. L. M. Bullier made this carbide by the action of 
calcium carbide on molten manganese chloride. O. Ruff and W. Bormann found 
the solubility of carbon in manganese increases slowly from 1360° to 1525°, the 

b.p. of the soln. at 30 mm. press. The 
results are shown in Fig. 30. The 
manganese then contains 7*12 per 
cent, of carbon. Manganese boils at 
1510° under the same press. The 
vap. of the alloy contains 1*94 per 
cent, of carbon. The whole of the 
carbon in the rapidly quenched alloy 
is combined as manganese tritacarbide 
and they form a continuous series of 
mixed crystals. According to A. 
Stadeler, the mixed crystals range from 
817° and 0*72 per cent, of carbon to 
855° and 3;60 per cent, of carbon; 
they then break up into one series 
with almost pure manganese, and 
another series rich in carbide. There 
is evidence of the existence of a com- 
pound richer in carbon. The equili- * 
brium diagram has been also studied by K. Kido. E. Miiller and H. Barck 
found manganese carbide is formed when manganese is heated in an atm. of carbon 
dioxide. K. Nischk also studied the fomation of this carbide. 

Mangaiteee tritacarbide forms a metallic-looking regulus with a brilliant crystal- 
line fracture. A. Stadeler said that crystals occur as glistening fibres and needles 
in 'alloys with over 3*32 per cent, of carbon, 'And'- as polyhedra in alloys with leas 



Fig. 30. — The Solubility of Carbon in 
Manganese. ' 
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carbon. The crystals of manganese tritacarbide have been examined by E. Mallard, 

B. Rathke, and L. J. Spencer. All agree that they are pseudo-hexagonal prisms, 
and that they are isomorphous witlj iron tritacarbide. A. Stadeler said that the 
sp. gr. is 6*888 ; and H. Moissan, 6*89 .at 17°. The mol. vol. is 25*70, the calculated 
value from the sp. gr. of the constituents is 29*80. The hardness is between that of 
talc and gypsum. G. Gin and M. Leleux found that manganese carbide dissociates 
at the high temp, of the electric furnace yielding the metal, which volatilizes, and 
graphite--w<fe supra. 0. Ruff and E. Gersten found the molar heat of combustion 
to manganese and carbon dioxide to be 410*9 ±2*0 Cals., and H. le Chatelier gave 
412*4 Cals. ; 0. Ruff and E. Gersten found the heat of formation, 3Mn-fC=MnsC 
4-12*9 ±2*14jCals ; and H. le Chatelier, 9*34 Cab. L. Troost and P. Hautefeuille’s 
estimate of 191*4 Cals, is high. The last-named found that when the carbide is exposed 
to air for several days, it disintegrates. H. Moissan found that when gently heated 
in oxygen, manganese tritacarbide burns with incandescence. A. Stadeler found 
that alloys with over 3 per cent, of carbon fall to pieces at once in water, and even 
disintegrate spontaneously in closed vessels after a few weeks, “ apparently owing 
to the evolution of regained gas.” H. Moissan found that when treated with water, 
a mixture of methane and hydrogen, free from acetylene and ethylene, is evolved. 
The carbide with an excess of manganese gives a larger proportion of hydrogen : 
56*43 per cent, of hydrogen and 43*75 per cent, of methane ; while the carbides 
more or less rich in carbon, give 50 6 to 51*0 per cent, of methane, and 48*68 to 
49*40 per cent, of hydrogen. The results are in agreement with Mn 8 C4-6H a O 
— 3Mn(OH) 2 4-CH 4 4-H 2 . No liquid or solid hydrocarbons were observed amongst the 
products of the action. M. Berthelot showed that if acetylene, ethylene, or ethane 
were produced, the thermal value of the reaction would bo less than that observld. 
The reaction has also been studied by E. Wedekind. S. Cleoz found that ferro- 
manganese carbides gave liquid hydrocarbons. The alloy with Fe, 56*5 ; Mn, 38*2 ; 
and C, 5*0, was acted on by water only at 300° ; an alloy with Fe,.6*7 ; Mn, 85*4 ; 
Si, 1*2 ; C, 3*7, was readily attacked at ordinary temp., and it gave hydrogen, olefines, 
and solid and liquid hydrocarbons. H. Moissan showed that the carbide is attacked 
by fluorine in the cold with incandescence ; chlorine decomposes it at a rather 
higher temp., and the incandescence which occurs at the commencement is not 
maintained ; and hydrogen chloride below a red heat furnishes manganese chloride, 
and hydrogen containing a Bmall quantity of gaseous hydrocarbons. Dit acids 
readily attack manganese tritacarbide ; with hydrochloric acid, liquid hydrocarbons 
are formed. These were studied by R. Schenck and co-workers. 8. Cleoz found 
that a ferromanganese alloy containing 56*5 per cent. Fe, 38*2 per cent. Mn, and 
combined carbon 5 per cent, with dil. sulphuric acid, gave a gas containing large* 
proportions of paraffins and olefines. R. Schenck and co-workers hftve examined 
the action of acids on the manganese carbides. H. Moissan found that ammonia 
reacts with rrflmganeee carbide yielding hydrogen and the metal nitride; the 
carbide burns when heated in nitrous oxide or nitrogen peroxide. L. Tfoost and 
P. Hautefeuille obtained manganese boride by heating manganese carbide with 
boric oxide ; and cupromanganese or antimoniomanganese was obtained free from 
carbon by heating manganese carbide with copper or antimony. Graphite is formed 
in this reaction. 

According to J. F. Durand, when caldium carbide is added to a soln. of 
manganous chloride, an impure manganotfB carbide or acetylide, MnC 2 , is formed. 

In 1774, 8. Rinman 2 showed that a drop of nitric acid pimply whitens wffiught 
iron, but leaves a black stain on steel. In 1781, T/ Bergman showed that steel 
differs from wrought iron by containing 0*2 to 1*5 per cent, of plumbago. 

C. A. Vandermonde, C. L. Berthelot, and G. Monge said that iron unites chemically 
with carbon, but they gave no evidence of the formation of definite compounds. 
L. Clouet showed that steel is produced when the diamond is heated in .contact With 
iron, but there was a complication in this experiment due to Vacieratwn of the ironJ>y 
carbon derived from the furnace gqpes< This factor was eliminated by W. H. Ffepyg 
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in 1815 for the mixture of diamond duBt and iron was heated by the “agency of 
a powerful electric battery.” C. J. B. Karsten’s experiments on the residues left 
after treating some varieties of iron containing carbon with acids have been taken 
to prove the existence of iron tricarbide, FeC 3 , but in his paper Veber die Carburete 
des Eisens , 1846, he stated that “ there is no satisfactory proof of the existence of 
such a carbide.” P. Berthier found that the residues remaining after cast steel 
had been treated with aq. soln. of bromine or iodine correspond with iron mono- 
catbide, FeC. The fact that some of the residues remaining after the treatment of 
steel with different solvents have a composition corresponding with definite carbides 
is to be regarded as a mere coincidence. Neither H. Caron nor C. Bromeis could 
satisfy himself that a definite carbide can be so obtained ; and the former said 
that P. Berthier’s carbide “ was probably only a mixture of carbon and the metal, 
and the metal was mechanically protected by the carbon from the action of the 
solvent.” Numerous solvents have been tried. T. Bergman, C. A. Vandermonde 
and co-workers, H. Behrens and R. van Linge, and F. Mylius and co-workers used 
dil. acids — hydrochloric, sulphuric, and acetic acids ; P. Berthier, and H. Moissan 
used iodine or bromine water ; C. Ullgren, F. Abel and W. H. Deering used a dil. 
soln. of chromic anhydride ; W. Weyl, F. Osmond and J. Werth, J. 0. Arnold and 
A. A. Read, F. Mylius and co-workers, and E. D. Campbell electrolyzed an electrolyte 
using the carbonized iron as positive electrode in order to isolate the carbides. 
A. Gurlt maintained that grey cast-iron contains iron octitacarbide, Fe 8 C, mixed with 
graphite, and cast-iron with the maximum amount of carbon is iron tetritacarbide , 
Fe 4 C. He said that the latter is formed at a comparatively low temp., and at 
a jiigher temp, is resolved into the octitacarbide and graphite. There is, how- 
ever, no satisfactory evidence of the existence of these chemical individuals. 
R. von Carnall reported “ octahedral crystals ” of a carbide in cast iron, and 
J. F. Xi. Hausmann “ three-sided rectangular laminae ” in wrought iron. 
F. von Ittner noted the carbonaceous nature of the residues obtained by igniting 
the ferrocyanides. J. J. Berzelius claimed to have made iron dicarbide, FeC 2 , 
by distilling ammonium ferrocyanide in a retort. At first ammonium cyanide and 
water are evolved, and then nitrogen is given off. Towards the end of the operation, 
if tke dicarbidc is heated to redness, it seems to burn as if in oxygen gas. 
N. Ljubavin also prepared what he regarded as the dicarbide in a similar way. 
J.' J. Berzelius also reported iron sesquicarbidc, Fe 2 0 3 , to be formed when Prussian 
blue is treated in a similar way. J. von Liebig and C. F. Gerhardt accepted the view 
that these residues are combinations of iron and carbon, but P. J. Robiquet con- 
sidered them to be mixtures of carbon and slightly carbonized iron, for the residues 
are magnetic* they readily rust in moist air, and acids readily extract iron from them. 
A. Terreil, and A. Etard and G. Bemont studied the decomposition of potassium 
ferrocyanide by heat, but obtained no signs of the formation of iron carbides. 
J. F. Durand obtained impure ferrous carbide or acetylide, FbC 2 , by adding 
calcium Carbide to a soln. of ferrous chloride. 

In 1846, C. J. B. Karsten abandoned his earlier opinion that the residue left by 
the action of dil. sulphuric or hydrochloric acid on slowly cooled iron or steel is 
iron tricarbide, FeC 3 . F. Abel obtained iron tritacarbide, Fe^G, by treating drillings 
of annealed steel with a soln. 'of potassium dichromate and sulphuric acid; and 
likewise also F. C. G. Miiller, and A. Ledebur, who showed that with very dil. sul- 
phuric acid at ordinary temp., &nd a current of inert gas to prevent access of air, 
the residue correspond# with iron tritacarbide. If hot acid be used, the carbide is 
decomposed, and hydrocarbons are evolved. S. Rinman called this residue cement 
carbon and H. M. Howe cenientite. The latter term has been used in a general way 
for all the carbides which exist in iron and steel, even when these carbides contain 
manganese, chromium, etc. F. Osmond and J. Werth, and J. 0. Arnold and 
• A. A. Read employed an electrolytic method and obtained .the carbide as a greyish- 
bkck powder, or in brilliant magnetic plates or scales. The general principle 
employed in isolating the tritacarbide depends on the fact that iron is more readily 
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attacked by reagents than the carbide, so that the latter remains after treating the 
iron with dil. mineral or organic acids, aq. iodine, chromic acid„ etc. 0. Werkmeister 
did not recommend the preparation of the carbide by the electrolytic process because 
there is formed so much brown carbonaceous matter which is difficult to separate. 
He made his specimens by melting a mixture of iron and sugar charcoal ; or by the 
cementation of iron with sugar charcoal at a red heat ; or by the cementation of 
iron at 600° with carbon monoxide. W. Hempel and P. Rucktaschel made a number 
of alloys in the electric furnace. 

H. Moissan recommended the following process for preparing the carbido : Two pieces 
of iron, dipping in a soln. of 7 per cent, hydrochloric acid, were connected with the positive 
pole of two Bunin’s cells, and the two negative poles were connected with a carbon plate 
m the middle of the containing vessel. In 24 hrs. the pieces of iron were removed, and the 
adherent mixture of carbide and amorphous carbon brushed off. In another process, the 
pieces df iron together with a very dil. acid soln. and carbon were kept for some weeks in a 
glass tube drawn out at one end to keep out the air. |iV-HN0 3 yields the carbide in a 
few hours. The carbide prepared by these methods contains liquid and solid hydrocarbons 
only slightly soluble in ether. Tho carbide may lx> purified by treatment with fuming 
nitric acid for 2 hrs. at 30°. The hydrocarbons and the free carbon are converted into 
soluble compounds and gases. The carbide is not attacked. The mixture is poured into 
an excess of water, the liquid decanted, and the residue washed with alcohol and ether, 
and dried at 100° in an atm. of carbon dioxide. The carbide should not bo exposed to 
air in a moist state. The purifying action of nitric acid can be hastened by tho addition 
of a little potassium chlorate. A boiling, 10 per cent. soln. of chromic acid can bo allowed 
to act until tho crystals of carbide assumo a bright glistening appearance. 

The carbon in iron and steel may therefore be present (i) in the form of carbide 
carbon or cotnbined carbon such as occurs in cementitc. The carbide carbon may b^ 
scattered through the metal in microscopic granules, or in relatively large distinct 
plates. The form of carbon which confers hardness to queifched steel is called 
hardening carbon, and is usually considered to be a form of carbide carbon, (ii) The 
carbon which separates as graphite during the solidification of highly carburized 
molten iron is called graphite carbon or simply graphite. I. Runge studied the 
velocity of diffusion of carbon in iron. 

C, J. B. Karsten showed that iron completely sat-, with carbon at the in.p. 
approximates in composition to iron tetritacarbide, Fe 4 0 ; but of course this does rtot 
mean that the product is a chemical compound. J. B. J. I). Boussingault said the 
maximum solubility of carbon in iron is 4/1 per cent, and nearer Fe 6 C than Fe 4 C. 
Observations on the solubility of carbon in iron have been made by C. Benedicks, 
H. F. Jiiptner von Jonstorff, II. Lutke, 0. Ruff and O. Goecke, K. Thomsen, etc. 
According to R. Ruer and J. Biren, the solubility of graphite in molten Swedish, 
iron increases as the temp, is raised from 1152° to 2700°. The solubility curve is 
linear from 1152° to 1700° ; it then bends away from the cone, axis, slightly*at first 
and then more strongly as the temp, increases. The cone, of the graphite Eutectic 
at 1152° is 4*25 f>er cent, carbon, and that of the cementite eutectic at 1Jl45° is 
4’30 per cent, carbon. J. Percy estimated the maximum amount of carbon required 
to sat. molten iron to be 4*87 per cent. Equilibrium diagrams, developed later in 
connection with iron and steel, have been studied by H. W. B. Roozeboom, 
W. C. Roberts-Austenj H. # le Chatelier, F? Osmond, H. Jiiptner von Jonstorff, 
E. Heyn, R. Ruer and co-workers, C. Benedicks, F. Wlist, N. Gutowsky, J. I. Wark, 
P. Goerens and co-workers, A. Smits, G. P. Roysron, G. Charpy, 0. Ruff, W. Wittorf, 
H. Hanemann, D. M. Levy, E. A. Sperry, etc. The tesults shown in Fig. 31 siyn- 
marize the observations of 0. Ruff and co-workers. 4 soki. of carbon in iron 
rapidly quenched contains the following percentage amounts of carbon in a com* 
bined state : * 

1220° ■ l. r »22° 1823° 2122’ 2169 s 2220° 2271° 2420° 262d° 

0 . 4*58 5*46 0*59 7*51 8»1 § 960 897 809 P45 

These results give a portion of the curve DHF , Fig. 31 ; the solidus curve A is* 
due to N. Gutowsky. The point P represents the cone, of » sat. soln. of carbon* hi 
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Fia. 31. — The Solubility of Carbon in Iron. 
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molten iron a f 1837°, and it corresponds with the composition of iron tritacarbide, 
PejC; and the point H represents the composition, of a soln. sat. at 2220°, and 

# corresponds with the composition of 
iron hemicarbide, Fe 2 C. The curve 
BDHF does not represent the equili- 
brium between the different iron 
carbides and the soln., but is rather 
the saturation curve of graphite 
when the carbide dissociates : FenC 
T^Cgrapiate+wFe. Hence the points 
D and H correspond respectively with 
the tritacarbide and the hemicarbide. 
The curve HF corresponds with the 
dissociation of the hemicarbide, 
Fe 2 C^2Fe-fC, and the slope of the 
curve shows that the cone, of the 
hemicarbide decreases as the temp, 
increases. Below 2220°, along the 
curve DH, there is also a separation 
of graphite in accord with the change 
3Fe 2 C=2Fe3C-fC. The cone, of the 
tritacarbide increases as the temp, is 
reduced, and attains a maximum at 1837°, or D. At lower temp., the cone, of the 
tritacarbide decreases since it decomposes into iron and carbon, Fe 3 &=i3Fe-F C. 
'H. Hanemann gave the curve Bd', and W. Wittorf the curve Bd ", From the 
existence of three breaks in his curve, W. Wittorf inferred the existence of the four 
carbidbs — iron tetritacarbide, Fe 4 C; iron tritacarbide, Fe 3 C; iron monocarbide, FeC ; 
and iron dicarbide, FeC 2 , but these observations have not been confirmed, and the 
phenomena occurring in this region have been discussed by 0. Ruff, A. Smits, 
H. Hanemann, E. Heyn, H. M. Howe, E. D. Campbell and co-workers, etc. 
R. Ruer and J. Biren studied the solubility of graphite in molten iron; and 
G„ Tammann and K. Schonert, the diffusion of carbon in iron. 

J. 0. Arnold showed that almost all the carbon in steel containing 1*4 per cent, of 
'carbon is in the free, state after the steel has been heated for 72 hrs. at 1000°, and 
slowly cooled. It is therefore inferred that iron tritacarbide is unstable below 
1000°. Nevertheless, this carbide has been repeatedly isolated. Hence, there is 
probably a range of temp, in the equilibrium diagram where this carbide can exist 
* an indefinite length of time. This is represented diagrammatically in Fig. 30. 
G. B. JLJpton inferred that for the mixture with over one per cent, of carbon, iron 
hexitcymbide, Fe 6 C, is first formed by the dissociation of the solid soln. of carbon 
in iron ; and that this dissociates into the tritacarbide at about 800°, and this 
again ’into the hemicarbide, Fe 2 C, at about 915°. The deduction was largely based 
on the breaks in H. C. H. Carpenter and B. F. E. Keeling’s cooling curves. 
E, D. Campbell and M. B. Kennedy found the carbide obtained from annealed cast 
iron with a large proportion of carbon, varied in composition between the trita- 
and hemi-carbide, and hence inferred that both carbides have a real existence. 
The unsegregated eutectic with 0*89 per cent, of carbon is considered by J. 0. Arnold 
to be an iron subcarbide, Fe^C ; it may be a compound of cementite and iron, 
FesC.21Fe ; or simply a congealed soln. of the tritacarbide in iron. W. Wittorf 
claimed to have made iron dicarbide } FeC 2 , by cooling soln, of 6-10 per cent, of 
carbon in molten iron ; 1 crystallization begins at 2380°-2000?, furnishing a yellow 
carbide with a silvery reflex. It is slowly attacked by nitric acid, and when im- 
mersed in a dil. soln. of cupric sulphate, it acquires a film of copper! J, J. Berzelius’ 
and N. Ljubavin’s observations on the dicarbide have been previously described. 
% L. Franck claimed to have made iron tetracarbide, FeC 4 , and iron ditritaearbide, 
FfeCg. A. Gautier and P. Clausmann found, that two carbides— iron pentitaoarbide, 
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* «• | 
dodecitacarbide, Fe 42 C — produced when carbon monojiide is passed 
oyer red-hot iron. The fofmer dissolves more quickly in sulphuric acid, and the 
less quickly dissolved residue is the pentitacarbide. They also obtained the dodecita- 
carbide by the action of a mixture of carbon monoxide and hydrogen on heated 
ferrosoferric oxide. The reaction between sulphuric acid and the dodecitaoarbido 
is symbolized : Fe 12 C-f-12H 2 S0 4 =12FeS0 4 -f Ct^-f 10H 2 ; the pentitacarbide gives 
methane, hydrogen, and oth$r hydrocarbons when digested with sulphuric aoid. 

In no case is there sufficient evidence to establish a belief in the real existence of 
these carbides. K. Nischk studied the formation of iron carbides. 

J. 0. Arnold and A. A. Read obtained iron tritacarbide in the form of micro- 
scopic granules, or small plates, and, added F. Mylius and co-workers, in small 
needles. TJe plates of iron tritacarbide or cementite often occur in patches alter- 
nating with ferrite — i.e. iron — to form well-marked microscopic stri© giving the 
metal the peculiar mother-of-pearl effect which led H. C. Sorby to call it the pearly 
constituent of steel, and H. M. Howe, pearlite. The rhombic prismatic crystals are 
pseudo-hexagonal and isomorphous with manganese carbide. They have been 
examined by C. F. Rammelsberg, N. T. Belaiev, E. Hussak, 0. Sjfistrfim, 

D. J. McAdam, E. Weinschenk, J. Fahrenhorst, G. Florence, E. Mallard, L. J. Spenoer, 
and C. Hlawatsch. G. Tammann discussed the space-lattice of iron tetritacarbide ; 
and A. Westgren and G. Phragmen showed that cementite has probably four mols. 
of Fe 3 C per unit cell so that the chemical mol. is Fe 3 C, and the crystal mol. Fe 12 C 4 . 

F. Wever found the X-radiogram corresponds with a rhombohedron space-lattice 
whose lengths of side are a=4*481 xl0~ 8 , 6=5034xl0“ 8 , and c=6708xlQ~ 8 cm. 
respectively ; and that four molecules are involved. The values of these constants 
at temp, above the magnetic transformation point show that the magnetic changes 
in iron carbide are similar to those of iron and nickel, and are not due to the 
lattice arrangement ; the new rhombohedral lattice has sides of length a - 452 X 10~®, 
6=5*08 XlO -8 , and c==6*77 Xl0~ 8 cm. A. M. Portevin studied th*e microscopic 
structure of the iron carbides in iron and steel. A complex carbide, (Fe,Co,Ni) 3 C, 
occurs in distorted crystals in meteorites. L. J. Spencer said the crystals are pro- 
bably cubic. It has been studied by E. Cohen and E. Wienschenk, and called 
cohenite. It is tin-white in colour and becomes bronze-yellow on exposure to feir. 
The sp. gr. is 6 977, and the hardness in 5’5 to 6 0. F. C. Thompson discussed the 
etching of the alloy steels to bring out the structure of the cementite. E. D. Campbell 
found the specific gravity of the crystals to be 6 944 at 23° ; H. Moissan gave 7*07 
at 16° ; 0. Werkmeister, 7*17 at 15° ; and 0. Ruff and E. Gersten, 7‘396 at 21°. 
The mol. vol., according to 0. Ruff and E. Gersten, is 24 34. The crystals are hard • 
and brittle, but not so hard as glass ; 0. Ruff and E. Gersten represented the hard* 
ness as 3*2 to 3*3 on Moh’s scale. • 

P. Oberhoffer and A. Meuthen calculate the specific heat to be 01581. H.*Moissan 
found that if highly purified iron be fused with sugar carbon in an electric furnace, 
the fused mass becomes more and more viscid as the temp, rises until the Containing 
Vessel can be turned upside down without loss. On cooling, the metal soon becomes 
as mobile as water. On solidification, the metal has all the characteristics of grey 
cast iron. About one *per pent, of the carbbn is combined, and the mass contains 
numerous crystals of graphite — vide synthesis of diamonds. F. Mylius and co- 
workers, E. H. Saniter, and J. 0. Arnold showed that the tritacarbide is decomposed 
below 1000°. A. Anthon tried to measure the melftng point, and said that i£ is 
about 1300° ; 0. Ruff’s diagram, Fig. 29, places it at 1837°. 0. Werkmeister 
studied the thermal behaviour of the carbide ; the results of 0. Ruff have been 
previously discussed. A. Meuthen measured the specific heat of various iron- 
carbon alloys. L. Troost and P. Hautefeuille gave a small negative value for the 
heat ot formation of the carbide : 3Fe-4-Gf=FcsC— *20*48 Cals., and hence stated 
that the absorption of heat in the formation ofiron carbide indicated that die carbon 
is amply dissolved by the iron. According to 0. Ruff and E. Gersten, the h ea tf 
Of oadaition is FejC-j-SOiSsFejO^COj-f 377*2 ±0*1 Cal. ; had since 
vol. v. • • * • • 3 m 


' • 
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=.00 4-94-8 Cals Fe+O=FeO+60-4 + r8 Cals., and 3Fe+20 2 =Fes0 4 +267i 
IF.+tr*C-m±MM E. D. HjMj, 
+8-494 Cals, for the heat of formation ; R. Schenck and co-workers, +8-940 Cals. 
J. Jermiloff, +2*27 Cals. ,* and A. Baykoff said that the heat of formation has no 
perceptible value. From these discordant estimates not much more can be inferred 
than that the heat of formation has a small negative value. A. Meuthen measured 
the heat content of iron-carbon alloys containing between 0'06 and 4*03 per cent, 
of carbon, between 650° and 920°. The heat of transformation of pearlite, con- 
taining 0*9 per cent, carbon, is 15*9 Cals, per gram, and that of into a-iron, 56 
Cals, per gram. One gram of a-iron separating from solid soln. develops 14*1 Cals. 
The horizontal line in the equilibrium diagram, which represents the transformation 
of /3- into a-iron, does not extend beyond 0*32 per cent, carbon. Withip the limits 
650°-700°, the heat-content of the alloys is not directly proportional to the carbon 
cone., but the curve consists of two straight lines, intersecting at a considerable 


angle at a cone, just above that of pearlite. 

F. Mylius and co-workers found that dry iron tritacarbide is not altered by 
exposure to dry air, but some specimens are pyrophoric. H. Moissan found that 
the carbide is not attacked in the cold by dry oxygen, but when heated to 150° in 
oxygen, it becomes incandescent. If heated to 100° in a stream of hydrogen, 
and then exposed to air, iron tritacarbide glows and forms iron oxide ; the same 
phenomenon occurs occasionally when it is dried at a low temp, in carbon dioxide 
or nitrogen. In moist air, H. Moissan, and F. Mylius and co-workers noted that 
iron carbide is rapidly oxidized, it furnishes a brown powder consisting of a mixture 
erf ferric oxide, carbon, and the carbohydrate, C 12 H 6 03, described by A. Bourgeois 
and P. Schiitzenberger, and J. A. Zabudsky. F. Mylius and co-workers say that 
this carbohydrate is* most easily obtained by the action of a soln. of ammonium 
sulphate in dil. sulphuric acid on the carbide. According to H. Moissan, water 
or an aq. soln. of sodium chloride or magnesium chloride does not attack iron 
carbide when contained in a sealed tube at 0° to 150°. F. Mylius and co-workers 
found that the carbide is only slightly decomposed when heated with water at 145® ; 
but at 400°-450°, in a current of steam and nitrogen, it increases 13 per cent, in 
weight in half an hour, and yields a combustible gas mostly hydrogen, and a black 
residue which is a mixture of carbon and iron oxide. At a red heat, in steam for 
half an hour, it yields ferrosoferric oxide, and a gaseous mixture of hydrogen and 


carbon mono- and di-oxides. 

According to H. Moissan, the carbide becomes incandescent in sulphur vap. at 
500° ; it burns in chlorine below 100° with incandescence ; it behaves similarly 
with bromipe at about 100° ; and it reacts with iodine vap. only at a red heat, 
without incandescence. Hydrogen chloride acts at 600°, forming iron chloride, and 
hydrogefi mixed with some hydrocarbons. All the dil. acids attack the metal more 
readily than the carbide ; complete decomposition occurs only on' boiling the acid. 
F. Mylius and oo- workers found that the carbide is not appreciably affected by very 
dil. acids, but With ^-hydrochloric acid at 80° a distinct evolution of hydrogen 
is observed. It is v$ry gradually dissolved by normal hydrochloric acid, and 1 grm., 
after remaining sealed up in a vacuum-tube for 10 days with normal hydrochloric 
acid, gave only 2'5 c.c. of a combustible gas. In cone, hydrochloric acid, it is easily 
soluble, and leaves only a minute residue which is insoluble in Water, but easily 
soluble in alcohol or ether, in no case did the authors observe the formation of 
amorphous, intermediate, carbonaceous products during the dissolution. An 
analysis of the gas evolved on dissolving the carbide in hydrochloric acid gave 
92*3 per cent. H, 6’3 per cent, hydrocarbons, 1*4 per cent. N. The ratio of the com- 
bined hydrogen to the carbon very nearly approaches that required for a member 
of the series C M H 2 »+ 2 , and the density orf the hydrocarbon is about the same as that 
of pentanS. E, D. Campbell found tMt when heated with cone, hydrochloric acid, a 
mixture of hydrogen with sat. and unsaturated hydrocarbons is formed. Three-fifths 
oithe carbon furnishes gaseous derivatives— 1 a gram of the carbide gave approxi- 
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mately 250 c*.o. of gas containing 15-17 per cent" of hydrocarbons, inethane, ethane, 
and butane ; and 9-10 pet cent, of olefines— principally butylene and dibutylene. 
H. Moissan found that with dil. hydrochloric acid in a sealed tube, the gas contained 
13*7 per cent, of methane and 86*3 *per cent, of hydrogen ; and with oono. hydro- 
chloric acid, 26*5 per cent, of methane and 73' 5 per cent, of hydrogen. 

The peculiar nature of the gases evolved when iron carbide, or the solid soln. of the 
carbide in rapidly quenched steel or pig-iron, is treated with an acid, has been the subject 
of many investigations. R. Boyle, for instance, referred to 11 the belching up of copious 
and stinking- fumes ” when steel filings are treated with an acid; and J. Priestley men- 
tioned the foetid odour of the inflammable air given off when iron is treated with acid 
In 1786, S. Rinman measured the relative vol. of gas given off by different kinds of iron 
and steel und<?r these conditions, and noted that the gas evolved from steel contains more 
carbon than that obtained from soft iron. C. A. Vandermonde and co-workers noted the 
carbonaceous nature of the residue obtained when iron is treated with acids. In 1799, 
J L Rroust observed that the vessel in which the iron has been dissolved has a film of a fatty 
substance which is not cleaned off by water, but it is removed by alcohol, which dissolves 
the fattv substance and acquires the same odour as the evolved gas. C. J. B. Karst en showed 
that when steel is treated with dil. acid, “ an offensive kind o/hy^ogen containing carbon 
is evolved, and a brown solid is produced.” M. Berthelot in 1868, C. h Schafhiiutl m l 869, 
J. E. Reynolds in 1861, H. Hahn in 1864, and 0. Werkmeister m 1910, establ, shed the 
presence of olefines in these gases ranging from C 2 to C ls , but H. Hahn said that hewM 
never able to prove the presence of acetylene in the gas. S. Gleoz found that when 200 kgrma. 
of cast iron were treated with sulphuric acid, he obtained (i) 640 grms. of oily hydrocarbons 
condensed in the first wash-bottles ; (ii) 2780 grms of brommated ethylemc cojnpounds 
(iii) 632 grms. of hydrocarbons homologous with methane (paraffins), isolated by sulphuric 
acid ; (iv) 3800 grms. of insoluble residue ; and (v) 408 grms. of an oily body, extracted 
from the insoluble residue by alcohol, and separated from the alcohol by water The 
nftraffins decanted from the sulphuric acid, washed with water, and dried, first with potas 
sium hydrate, and then with sodium, were fractionally distilled ; the liquid began to Doil 
at 166° giving the following fractions : 


155°-10O° 

C 10 H ga 


178®-180’ 

CnH 24 


195°-198° 

C 12 H i6 


2l5°-220° 

c ls H 2i 


234°-238 4 

C. 4 H 30 


258° 

C t >H la 


276°-2B0 B 


The fact that with some steels and iron carbide all can bo dissolved without residue in non- 
oxidiz ing acidT lea voa no room for doubting that the carbon must have been evolved as 
hydrocarbon. The evidence is not all concordant. H. Hahn said all the Products are 
ethvlenic while S. Cloez, and H. Moissan found a large proportion of methane derivatives. 
The dark brown carbonaceous residue has been studied by A. 

berger, and by J. A. Zabudsky. R. Schenck and co-workers studied the action of adds 
on the iron carbides. 

C. Schols studied the effect of silicon on the solubility of iron carbide in iron. 
H. Juptner von Jonstorff attempted to determine the mol. wt. of iron tritacarbides 
in soln. of iron ; but the conclusions were not convincing. E. D. Campbell assumed 
that iron carbide has the constitutional formula . 


Fc.Fe.Fc 

Fe4>C = c4>Fc or Fe<|>C = C-c'<^>F 0 


and he represents the main reaction of acids by the equation (^C) S +12HC1 
=CoHx4-4Ho4-6FeCl 2 ; .and supposes that the ethylene condenses with itself ob 
with hydrogen, forming more complex products. The reaction in _H. 
experiment can be symbolized, FeaC-|-6HClr-3FeCl^-f CH 4 -f H 2 » or ( ^ )s“l" 

-9 CoU 2 fumingnito add. saidH.^oissan, has no action dh iron tntacarbide even 
when .finely dividgd or when in contact with a platinum wire ; but the carbide ja 
attacked by the boiling acid ; and decomposition rapidly occurs if water J* 

C J. B. Karsten found that when nitnc acid or aqua regia acts on rapidly coded 
steel or pig iron, no hydrocarbon oil is forjned, but areddish-brown carbonaeeona 
aubstanw, Studied by P. Schtttsenberger and A. B °urgeois and by J. A. Zabudaky, 
is formed ; it is considered to be a ititrographtfv>actd, C n Hn(N0 2 )0 u . The fdn. 
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of cementite in Citric acid of sp. gr. 1*18 to 1*20 furnishes a brown &)ln., and the 
intensity of the colour, under constant conditions, is proportional to the amount 
of carbide in the soln. This principle is applied in the determination of carbon 
by the so-called colour test of V. Eggertz . Here the colour of a given amount 
of a soln. of a steel with an unknown amount of carbon is compared with that pro- 
duced by the same weight of a steel with a known amount of carbon prepared under 
similar conditions. The catalytic activity of iron on methane is conditioned, 
according to M. Ornstein, by the formation of unstable? iron carbide. 

A number of complex iron carbides have been made. Thus, J. O. Arnold and 
A. A. Read • reported ferromanganese earbide3. Fe,MnC 3 and Fe 17 MnC 8 ; H. Behrens 
and A. R. von Linge, lerrochromlum carbides, FeCr 8 C 2 and Fc 7 Cr ? C 3 ,* A- Carnot and 
E. Goutal, Fe # Cr a C 5 and Fe 3 Cr 9 C 7 ; and P. Williams, Fe„Cr g C 7 . P. Williams reported ferro- 
molybdenum carbide, Fe 3 Mo 2 C 2 ; and ferrotungsten carbide, Fe 4 W 8 C R . S. Ozawa made a 
partial study of the ternary system : C~W— Fe. A. Westgren and G. Phragmen examined 
the X-radiogTam of the tungsten iron carbide. H. Moissan and A. Kouznetoff investigated 
chromotungsten carbide, Cr g W a C 7 . J. de Benneville reported ferrochromomolybdenum carbide, 
Fe 7 Cr 8 Mo 8 C 4 ; and ferrochromotungsten carbide, Fe 7 Cr 4 W 4 C 4 ; and J. W. Weitzenkom, the 
ferrochromotungatovanadium carbide, VCr 2 W 20 Fe 22 C g , in ferrotungsten. 


R. Vogel and G. Tammann studied the ternary system with iron and up to about 
10 per cent, each of boron and carbon. The area AVL, Fig. 32, represents the 

ternary system with y-iron mixed crystals, 
when the maximum carbon and boron con- 
tents are respectively T9 and 0*3 per cent. 
Here LVNC represents the ternary y-iron 
mixed crystals, LV , when the carbon con- 
tent is about 1*9 per cent, and the boron 
content up to O' 3 per cent. ; and CN, 
cementite mixed crystals with carbon between 
53 and 6 6 per cent., and boron up to 1‘7 
per cent. AVB represents ternary y-iron 
mixed crystals AV with carbon up to T9 
per cent., and boron between 0 08 and 03 
per cent. ; B represents iron boride, Fe 2 B, 
]? I0 . 32.— Ternary System Fe—C—B. corresponding with 91*2 per cent, of iron, 

and 8'8 per cent, of carbon. VNB includes 
the carbon and boron sat. ternary mixed crystals V , with carbon about T9 per 
cent, and boron 0*3 per cent. N represents the boron sat. cementite mixed crystals 
>with about 5*3 per cent, of carbon, and 1*7 per cent, of boron. The dotted curves 
in Fig. 32 represent the eutectic lines. They found the eutectics in the binary 
systems, tfe-C, 1150° ; Fe-B,1165°; FesC-FegB, 1155° ; and Fe-FegC, 1100°. 
They alromeasured the hardness of the ternary alloys. 

P, Bejthier 4 noticed that when nickel is prepared by reducing the oxide, 
eto., with carbon, the product is carboniferous nickel. W. Ross, and R. Irving 
found that the button of metal obtained by reducing nickel oxide with carbon 
is often covered witli soft, crystalline, steel-grey scales which was called nickel* 
graphite. This was probably .graphite which separated during the cooling of 
the soln. of carbon in molten nickel When nickel is heated in contact with 
carbon, the metal is carbonized* in an analogous manner to iron, but, added 
H. Mbissan, rather less carbon is dissolved. Thus, J. W. Dobereiner mentioned 
that when fused on cffarcoal before the oxyhydrogen blowpipe the metal takes 
up carbon and becomes brittle, but it remains magnetic. R. Tijpputi, O. L, Erd-. 
mann, and J. B. J. D. Boussingault also made observations on the change 
produced in the properties of the metal when it is alloyed with carbon. L. Mond 
md co-workers noticed that nickel take? ftp carbon when heated with carbon mon- 
oxide — vide nickel carbonyl. ‘ R. Schenck and F. Zimmerman noted the action of 
monoxide on niokel when studying the System 2CQ^C0 2 -f C. L. Mond and 
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C. Langer studied the action of nickel*on hydrocarbons. J. J. Berzelius did not 
-prove that the magnetic residue obtained on igniting nickel cyanide is a definite 
carbide. According to L. Pebal, nickel obtained by the reduction of the oxide by 
charcoal at a white heat, may contain as much as 1*4 per cent, of carbon* On 
treatment with acids the metal dissolves, leaving a residue of graphite. One 
specimen of the nickel containing 0*98 per cent, of graphite, and 0*28 per cent, of 
combined carbon, was melted in a graphite crucible, and rapidly cooled in an iron 
mould, and the product analyzed. It now contained 0*78 per cent, of graphite 
and 0*61 per cent, of combined carbon. W. Hempel prepared nickel alloys containing 
1*71, 2*14, 4*69, and 6*25 per cent, of carbon respectively. K. Nischk studied the 
formation of* nickel carbide. In the nickel alloys, the carbon is in the state of 


mechanical admixture, whilst in the iron and 
cobalt alloys a large proportion of the carbon 
i^Qhefiiically combined with the metal. The 
solubility of carbon in nickel has been 
measured by O. Ruff and co-workers, and by 
K. Friedrich and A. Leroux. The results 
shown in Fig. 33 are due to 0. Ruff and 
W. Bormann. The eutectic is at 1311° and 


2*2 per cent, of carbon. The solubility of ^ z QQ ° 
carbon in nickel increases with temp, up to 
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6*3 per cent, at 2075°, and then remains con 
stant to the b.p. 2490° at 30 mm. press., 
only O' 28 per cent, of carbon is in the vap. 
at the b.p. Pure nickel is taken to boil at 
2340°. The constant boiling mixture is as- 
sumed to contain nickel tritacarbide, Ni 3 C. 

E. Gersten found —2095 cals, for the heat 
of formation of a gram of this carbide, or 
3Ni-fC“-Ni 3 C— 394 Cals. E. Briner and 
R. Senglet saw that nickel tritacarbide is 
formed at about 2100°, and it dissociates into 
its elements rapidly at 1600°, and slowly at 
900°, so that the reaction 3Ni+C^Ni 3 C is 
reversible. The reaction between the solid 
elements is endothermal, and between the 
gaseous elements, exothermal. J. F. Durand 
obtained impure nickelous carbide or acety- • 

tide, NiCo, by the action of calcium carbide on a soln. of nickelous chloride. 

L Thompson 6 made a carboniferous cobalt by heating for six hours a mixture 
of cobalt oxide and alkali tartrate in a crucible lined with carbon. Thu product 
was very hard and brittle, and had a sp. gr. of 8*4 *, it was magnetic and contained 
4 per cent, of carbon. K. Nischk studied the formation of cobalt carbides. 
and F. Zimmermann studied the action of cobalt on carbon monoxide ; L. Mond 
and co-workers observed that no carbonyl'is formed by heating cobalt with carbon 
monoxide ; L. Mond and C. Langer noted the action of hydrocarbons on nickel 
and cobalt. H. N. Warren, and H. MoUsan noted the formation of plates of graphite 
when a soln. of carbon in cobalt is cooled. W . Hempel and P. Ruckt&schel prepared 
cobalt alloys with 0*44,0*62, 1*87, 1*88, 2*65, 2*80, 6*47, and 8*45 per cent, of carbon 
respectively, and they noted that p large proportion pf tU cobalt is chenucauy 
combined/ G. Boecker, and 0. Ruff and F. Keilig studied the cobalt-carbon system. 
The results by the former are summarized in Fig. 34. There is a eutectic at 13UU 
•with 2*4 per cent, of cobalt ; and the solubility increases with temp, up to 7*3 per 
cent, carbon at 2415°, the b.p. of the system at 30 min. press. The ctttve has * 
point of inflexion corresponding witlf lie formation of Opbalt MaoarliiaM^* 
The sat. vap. has 2 per cent, of Garbbn. The b.p. of pure cobalt is 2415 at 30 mm. 
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press. The carbide decomposes so quickly on cooling that even in rapidly quenched 
specimens it is absent. J. F. Durand obtained impure cob&ltous carbide or 
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* Percent:, carbon 
Fin. 34. — The Solubility of Carbon 
in Cobalt. 


acetylide,* CoC 2 , by the action of calcium 
carbide on a soln. of cobaltous chloride. 

The union of platinum with carbon 
when the two elements are heated has 
been discussed by J. B. J. D. Boussingault, 6 
A. Remont, J. J. Berzelius, W. Hempel, 
P. RucktSschel, R. Chenevix and H. Y. Collet- 
Descotils, P. SchUtzenberger and A. Colson, 
C. G. Memminger, N. W. Fischter, V. Meyer, 
C. L. Berthollet, etc. In using, platinum 
vessels, direct contact with hot smdking 
flames, the reducing zones of hydrocarbon 
flames, charcoal, coal, coke, etc., must be 
avoided, since the platinum becomes brittle 
under these conditions owing to the dissolu- 
tion of carbon by the metal. A. B. Griffiths 
said that platinum fuses at a comparatively 
low temp, when in contact with carbon. 
P. Schiitzenberger claimed to have made plati- 
num dicarbide, PtC 2 , by heating platinum in a 
stream of cyanogen ; and W. C. Zeise, by heat- 
ing mesityl chloroplatinite, [Pt(C 6 H 10 O)Cl2] 2 , 
to redness, and cooling out of contact with 
air. J. J. Berzelius also mentioned iridium 
carbide to be formed by heating iridium in 
contact with carbon. 
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§ 21. The Carbon Oxides and Snboxides 

^The complete oxidation or combustion of carbon furnishes the gas carbon di o arid e» 
COjj. There is an intermediate produot in which the carbon is only partially oxidized 
or burnt. This product, carbon monoxide. CO, is itself a combustible gas which 
bums to form the end-product, carbon #oxide. If carbon be quadrivalent and 
.oxygen bivalent, the constitutional fonfiula of carbon dioxide is 0=0=0 ; but 
there is then a difficulty with oarbon monoxide, and it can be assumed that two 
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of the four Valencies in oarbon are latent or dormant. With* this hypothesis, 
H. Staudinger and E. Anthes 1 tried unsuccessfully to prepare tjie polymer 0~C~C— 0 
by the action of metals on oxalyl bjomide, Br.OC.CO.Br. With zinc and mercury, 
carbon monoxide is evolved, showing that if a polymer be capable of a separate 
* existence, it is not stable at ordinary temp. With potassium or the liquid alloy 
of potassium and sodium, potassium oxyc&rbide, KO.CiC.OK, is formed. This 
compound explodes violently when subject to vibration. It can also be assumed, 

with J. A. R. Newlands, that carbon is bivalent, forming C=0, and C<? ; or, 


with J. H. Heyes, and J. W. Briihl, that oxygen is quadrivalent, forming carbon 

monoxide C=0 and carbon dioxide C\ ' As indicated above, this subject has 

• . n) 

beerf discussed by A. Geuther and R. Rtibencamp, L. Mond, D. Lagerlof, etc . — vide 
1. 6, IB. J. A. Wanklyn assumed that oxygen in carbon monoxide is tervalent. 

P. G. Tait and T. Andrews 2 noted that when the silent electric discharge is 


passed through carbon monoxide, a bronze-coloured product appears on the platinum 
anode, and by passing an electric discharge through carbon monoxide, B. 0. Brodie 
observed that the products are carbon dioxide and a reddish-brown solid which 
appears as a film on the walls of the tube. The dry solid appears to be either carbon 
suboxide or a mixture of two or more oxides — possibly C5O3 and C 6 0 4 — since the 
composition is not always the same. This suboxide is easily soluble in water, and 
the coloured soln. has a strong acid reaction. M. Berthelot represented the 
"reaction 5C0=C0 2 +C 4 0 3 . He said that the suboxide is a brown, amorphous 
body, which is soluble in water and absolute alcohol, but not in ether. It has #n 
acid reaction, and gives with silver nitrate, lead acetate and # baryta-water, brown, 
amorphous precipitates. On heating to 300 D -400° in an atm. of nitrogen, it yields 
equal vols. of carbon monoxide and dioxide, and a dark brown carbon tri-octitoxide, 
C 8 0 8 , thus, 3C 4 0 3 =2C0+2C0 2 4-C 8 03. When this oxide is more strongly heated, 
it is decomposed, carbon, still containing oxygen, being left behind. P. Sohtitzen- 
berger said that with thoroughly dried carbon monoxide, the composition of the 
product is variable, and the conversion ceases as soon as the gas contains 10 per 
cent, of carbon dioxide. If the ozone discharge tube be surrounded by dry* air, 
the dry gas suffers very little condensation, but if it be immersed in acidified water 
— Fig. 5, 1. 14, 2 — the condensation is much greater. Hence, he inferred that the 
presence of small quantities of water is essential to the formation of the black pro- 
duct, and that the electric discharge carries oxygen and water through the glass, 
and that there is also some evidence of a transport of matter in the opposite 
direction, since the total quantity of carbon in the condensed product,aud in the 
carbon dioxide was less than that in the carbon monoxide which disappeared. 
M. Berthelot, hqwever, claimed that P. Schiitzenberger was misled in assuming 
that the discharge causes water to pass through glass ; the traces of yioisture 
he observed were derived from imperfectly-dried glass and mercury. These materials 
require for desiccation a moderately high temp. # _ , 

Another carbon suboxide, C3O2, or carbon ditritoxide, was prepared by 0. JJiels 
and B. Wolf s in 1906.* It.is really m&lonid anhydridp, C 3 0 2 , derived from malowc 
acid, CH2(COOH) 2> by the loss of two mols. of # water : 


H ^v C00H 


Sx^>° 




A. Michael, however considers it to be the lactone of /3-hydroxypropiolic acid : 


C=C 

O-C-V) * 

• • * 

bid 0. Diels and J. Meyerheim prefer % dioxoallene formula 0 : C : C : C : Q, and 
confirmation, 0. Diels and L. Lali$ observed that th6 suboxide behaves like a keteoe 
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giving with formic acid the additive compound COOH.(COH) : C : (COH).COOH. 
A. Nowak showed it to.be formed by the action of the* silent discharge on carbon 
monoxide : 4C0=C 3 0 2 +C02. The compound shows certain analogies with 
the metal carbonyls, and it can therefore also be regarded as carbon carbonyl , 
C(CO) 2 . H. S. Redgrove computed the mol. heats of combustion and formation, * 
respectively 243*6 Cals, and 47*4 Cals, for 0 : C : C : C : 0, and 286 1 Cals, and 
4*8 Cals, for 

c^ N >c=o 

0. Diels and B. Wolf made this compound by distilling maloni^ acid or one 
of its esters with a large excess of phosphorus pentoxide under reduced press. (12 
mm. mercury) at about 300°. The gases are cooled so as to remove the Unchanged 
acid, carbon dioxide, ethylene, etc. The condensate is allowed to boil at atm v temp. 
and the residue vaporized and collected at —60°. A. Stock and H. Stolzenberg 
found that the poor yields of carbon suboxide which are usually obtained by the 
action of phosphoric oxide on malonic acid are due largely to the polymerization of 
* the suboxide under the catalytic influences of the dehydrating agent. If the sub- 
oxide be removed rapidly by carrying out the reaction in a good vacuum and con- 
densing the product by means of liquid air, a vol. of the gas corresponding with as 
much as 25 per cent, of the malonic acid can be obtained. According to E. Ott 
and K. Schmidt, a superior yield — amounting to 41 per cent. — can be obtained by 
leading the vap. of diacetyltaitaric anhydride, boiling under diminished press.* 
over a platinum wire heated to bright redness. The process has the further advan- 
tage that the carbon suboxide so prepared can be preserved for long periods without 
change in sealed tubes, whereas the product obtained with the help of phosphorus 
pentoxide rapidly polymerizes, probably owing to the presence of traces of phos- 
phorus oxide. » Carbon suboxide is formed by the action of silver, zinc, or lead 
oxide on malonyl chloride : CH2(0OCl) 2 +Ag 2 O=C s O 2 4-2AgCl-|-H 2 O ; H. Staud- 
inger and St. Bereza employed silver oxalate or malonate in place of the oxide. 
E. Ott claims a good yield of purer suboxide by using tartaric acid and acetic anhy- 
dride in place of malonic acid in 0. Diels and B. Wolf’s process. This suboxide 
at ordinary temp, is a colourless, mobile, volatile, refractive liquid with an odour 
resembling that of acrolein and mustard oil, and it is poisonous. The vap. attacks 
the eyes, throat, and respiratory organs producing symptoms of suffocation. When 
passed through a tube dipping in liquid air, a white solid with a pungent odour is 
0 obtained. The solid melts between —107° and —108° and boils at 7°. A. Stock 
and H. Stolzenberg give —111-3° for the m.p. ; 6° for the b.p. ; and 587-589 mm. 
for the yap.' press, at 0°. 0. Diels and co-workers add that the vap. density corre- 
sponds with the formula C 3 0 2 . When treated with water, carbon suboxide re-forms 
malonic acid, and hence this oxide is regarded as malonic anhydride ; and with 
hydrogen chloride, ammonia, and aniline it forms malonyl chloride, malonamide, 
and malonanilide respectively. The suboxide is combustible, and burns with a 
blue, smoky flame, donning carbon dioxide : C 3 0 2 -f 20 2 — SC0 2 . The vapour and 
liquid polymerize at ordinary temp, in a few days ; the liquid becomes yellow 
and deposits a dark red solid soluble in water. The suboxide decomposes rapidly 
at 37 ° and instantaneously at 100°. f It was suggested that the solid decomposition 
products are probably simitar to and perhaps identical with the products of 
B. 0. Brodie and M* Berthelot described above. A. Stock and H. Stolzenberg 
found that the polymerization of the gas to the red substance, which is soluble in 
water, is catalyzed remarkably by the polymsride itself. Theigas may sometimes 
be kept for days, but once polymerization sets in, it completely disappears 
within a day. In contact with phosphoric oxide, the gas polymerizes in a fraction 
of a minute. Carbon suboxide is very- soluble in carbon disulphide or xylene, 
r H. Meyer and K. Steiner 4 made a suboxide, Ci 2 0 9l carbon enne&dodecitoxide 
oi mellitio anhydride by boiling acid, C 6 (C0QH) c , under reflux with much benzoyl 
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chloride during six hours. It separates from boiling benzoyl chloride in colourless 
crystals, which are perfectly* stable and non-hygroscopic. It* k practically insoluble 
in cold water, but unites with warm water to form mellitic acid. It gives character- 
istic colorations when treated with various solvents of high b.p. ; thus, with 
naphthalene, retene, phenanthrcne, and fluorene it yields rose-red to bluish-red 
soln., and with nitrobenzene, a bluish-green soln. It darkens when heated 
above 320°. The graphic fcyrmulee for acid and anhydride are : 


COOH 

C 

HOOC— C^C— COOH 
. HOOC-Oix, /C -COOH 
c 

COOH 

Mellitic acid, C 4 (COOH) 4 . 


0=C o 

n 6 I 


0< 

0 


C— c> v/ ic — C = 0 


c 

0 ~c 0 

Mellitic anhydride, C XI 0,. 
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§ 22. The History of Carbon Monoxide 

Carbon dioxide was for a long time considered to be the only oxide of carboy, , 
and the lower oxide of carbon being combustible was for a long time confused with 
inflammable air — hydrogen. In 1716, F. Hoffmann 1 wrote on the t*oxi<j vapours 
which emanate^from burning charcoal, but he did not recognize this In his 
memoir : Notices d’une suite d' experiences nouvelles, qui font connoitre la n Uure el les 
proprietes de plusieurs esp&ces d’air ou emanations aeriformes, extraites pcfr diverses 
voies d’un grand nomb^e de substances, J. M. F. de Lassone described the preparation 
of a combustible gas by heating a mixture of charcoal and zinefcxide. A. L. Lavoisier 
also obtained a combustible gas with carbfm dioxide when a mixture of carbon and 
alum was calcined ; the combustible gas w|s show*n to be different from inflam- 
mable air obtained by the action of acids 9 n metals, and on combustion it yielded 
carbon dioxide. J. Priestley obtained an inflamfhable air by treating hammer- 
slag (iron-oxide) with well-calcined charcoal. P. J. Mac,quer^l778), L. B. 6. de Mor- 
veau(1784), M. Meusnier and A. L. # Lavoisier (1784), and A.*F. de Fourcroy (1793) 
made confirmatoity observations, but they did not distingukh between it and the 
inflammable gas composed of carbon and hydrogen. The gases were confused 
find called inflammable air. J. Priestley made much of the view of the anti- 
phlogktians that the gas furnished by h&ting iron 'oxide and charcoal should 
be incombustible carbon dioxide, whereas, according to his version of the phlo- 
giston theory, the oxides coiftai* water, .and the inflammable air from Iron 
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oxide and charcoal was considered to be phlogisfcicated water. In support 

of this hypothesis, J. Priestley argued that when ste’am is passed over red-hot 
charcoal it is phlogisticated to inflammable^ air. This explanation puzzled the 
supporters of A. L. Lavoisier’s theory of combustion, and P. A. Adet attempted 
a reconciliation by assuming that even the most strongly calcined charcoal still 
contains hydrogen ; but J. Priestley (1800) showed that P. A. Adet’s hypothesis 
is not in accord with facts. J. Woodhouse (1799) prepared the combustible air 
by heating charcoal with other oxides — e.g. zinc, copper, lead, manganese, and 
bismuth oxides — he too showed that P. A. Adet’s hypothesis is untenable ; and that 
the combustible air contains carbon. He concluded that the gas in question is a 
compound of hydrogen and carbon. ’ c 

In 1800, W. Cruickshank examined the gas obtained by heating carbon with 
different metal oxides, and he showed that it contained no hydrogen, for, on com- 
bustion, it yields no water, and furnished nothing but an equal vol. of carbon dioxide. 
Hence, he concluded that it must be an oxygen compound, and called it gaseous 
oxide of carbone — it is now called carbon monoxide. F. Clement and J. B. Dfoormes 
made some analogous observations and confirmed W. Cruickshank’s results ; they 
determined the composition of the gas, and showed that it is formed when carbon 
dioxide is passed over red-hot charcoal. C. L. Berthollet opposed the views of 
W. Cruickshank, and F. Clement and J. B. Ddsormes, for he said that if carbon 
monoxide contains more carbon than carbon dioxide it should be specifically heavier. 
This is not the case, and hence the gas must contain hydrogen, and in 1803, he called 
it hydrogene oxi-carbure. He dllcounted the absence of any signs of water in the 
combustion of carbon monoxide by stating that the water remains intimately bound 
to the carbon dioxide. J. R. Deiman and co-workers (1798) even denied that carbon 
monoxide contains any oxygen at all, and they regarded it as a hydrocarbon. How- 
ever, the Subsequent work of A. F. de Fourcroy, J. L. Gay Lussac and L. J. Th^nard, 
W. Henry, and’F. Clement and J. B. Desormes has shown that carbon monoxide 
contains no hydrogen; that both carbon monoxide and carbon dioxide are 
compounds of oxygen and carbon ; and that carbon dioxide contains just twice as 
much oxygen per atom of carbon as is contained in carbon monoxide ; or, as 
J. Dalton expressed it, “ carbonic oxide is a binary compound consisting of one atom 
of charcoal and one of oxygen . . . and carbonic acid is a ternary compound con- 
sisting of one atom of charcoal and two of oxygen,” i.e. carbon monoxide in modern 
symbols is represented by CO, and carbon dioxide by C0 2 . Carbon monoxide was 
liquefied by L. P. Cailletet in 1877 ; and solidified by S. von Wroblewsky in 1885. 
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§ 83. The Occurrence and Preparation of Carbon Monoxide 

Traces of carbon monoxide in atmospheric air have been reported by A. Miintz 
and E. Aubin, 1 M. Gruber, F. Clowes, J. Ogier and E. Kohu-Abrcst, 0. Spitta, 
A. Mermet, etc. Carbon monoxide has been reported in the gases emitted from 
volcanoes by T. Poleck, 2 M. Scholz, E. T. Allen and E. G, Zies, H. Moissan, E. S. Shep- 
herd, A. Gautier, K. W. CharitJtechkoff, etc. It has boen found in various minerals by 
A. Gautier, W. A. Tilden, R. T. Chamberlin, etc. ; in Stassfurt salts by H. Precht ; 8 
in the diamantiferous earths at Kimberley by W. Ramsay and M. W. Travers ; 4 in 
graphite by J. Dewar and G. Ansdell ; B in coal, lignites, and coke by A. W. H. Kolbe, 
F. H. Storer, # ctc. ; in meteorites by J. W. Mallet, 6 T. Graham, A. W. Wright, 
J. Dewar and G. Ansdell, R. T. Chamberlin, etc. ; in iron and steel by F. C. G Muller ; 7 
in the fine gases from various industrial furnaces by A. Desgrez, 8 etc. It is one of the 
main constituents of water gas. It is also found as an intermediate product in the 
combustion of various hydrocarbons— e.g. in the interconal gases of Bunsen’s flame. 
Carbon monoxide was found in coal gas by P. F. Frankland, 0 A. Wagner, A. Bunte, 
etc. ; and tobacco smoke by J. Habermann, 10 R. Liebig, 0. Krause, F. Wahl, 
H. Schwarz, H. Vohl and H. Eulenberg, etc. M. Nicloux 11 found carbon monoxide 
in the blood of newly-born infants, and numerous observations have been made on 
carbon monoxide in blood. A. Desgrez, and M. Nicloux found about 1‘6 c.c. of 
carbon monoxide per litre in the normal blood of dogs. E. Pfliiger found carbon 
monoxide in the intestinal gases of some herbivoia, but J. Reiset found none. 
Carbon monoxide has been reported 12 to be formed in the germination of plants. 

J. B. J. D. Boussingault 13 observed that small quantities of carbon monoxiflo 
are formed at ordinary temp, by the oxidation of organic suhstances by oxygen or 
atm. air — e.g. tannic and gallic acids, pyrogallol, etc., in the presence of cm alkali. 
F. C. Calvert noted that after being in contact with pyrogallol, the. oxygen will be 
contaminated with 2 to 4 per cent, of carbon monoxides according to the cone, of 
the alkali soln. of pyrogallol. The maximum amount is formed with one eq. of 
the pyrogallol and rather more than one eq. of alkali. The reaction is rather import- 
ant when, in the analysis of mixed gases, the oxygen is removed by pyrogallol, bemuse 
the results for carbon monoxide, determined after the oxygen, may be too high. 
The subject has been discussed by S. Cloez, W. Hempel, B. ^a*ke, L. de St. Martin, 
etc. F. Clowes found that the absorption of oxygen with a mixed soln. of 24 per 
cent, potassium hydroxide and 18 per cent, of hydroquinone is slow but complete, 
without the evolution of carbon monoxide. 

Carbon monoxide and dioxide are found amongst the products of the dry dii- 
tillation of coal and other organic compounds, and, according to L. Vignon, 14 this 
*the more, the richer the coal is in oxygen ; at 900°, he found less than oneif^ird the 
oxygen in the caal appears as a mixture of these two gases. Carbon monoxide and 
dioxide are also formed when carbon or organic compounds are burnt in oxygen or 
air. The former gas is absent if a sufficient excess of oxygen be present — vide 
supra. The equilibrium conditions in the reaction C-bCOgr^^tO have been previ- 
ously discussed. Carbon monoxide can be jnade on a large scale by passing carbon 
dioxide derived from lime da] qs, and flue-gases, through a bed of heated carbon. 16 
F. C. G. Mttller found that 86 per cent, carbon monoxide is produced when oxygen is 
passed downwards through a vertical quartz tube jacked with wood charcoal the 
size of linseed. The upper part of the tube should be heated before oxygdh is 
admitted, and the combustion should proceed under reduced .press. According to 
A. EL Huntington, carbon monoxide oan be recovered from flue gases, etc., by passing 
the gas under press, through a soln. of cuprous chloride in ammonium chloride, and 
the carbon monoxide recovered by reducing the press. A. Fritschi used a solm of 
cuprous chloride in hydrochloric acid. The formation yf carbon monoxide during 
the incomplete oxidation of hydrocarbons (q.v.) has been noted. 10 A. Kling eng. 

D. Florentin found the amcamt of carbon monoxide produced in the combustion 

• • ♦ 
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of fuel gases depended rather on the nature of the burner than on the compo 
sition of the gas. R Girard, and E. Kohn-Abrest have discussed this question. 
r R. Bunsen 17 showed that the incomplete combustion of cyanogen furnishes a 
mixture of carbon monoxide and dioxide. The subject was also investigated by 
H. B. Dixon and co-workers. A. Gartner has discussed the contamination of the 
air of rooms by gas stoves, etc. L. T. Wright, and T. E. Thorpe observed the 
formation of carbon monoxide iq the combustion of coal gas ; I. Y. Brumbaugh 
and G. W. Jones, in the combustion of natural gas ; Y. Henderson and H. W. Hag- 
gard, in the exhaust gases from gas-engines ; and W. Cullen, and 0. Poppenberg 
and E. Stephan, in the products of the explosion of blasting gelatin. 

The formation of carbon monoxide by the action of steam on jed-hot carbon 
has been previously discussed ; so also has the formation of carbon monoxide by 
heating a mixture of carbon with the carbonates of the alkalies, alkdline earths, 
and iron ; by heating a mixture of carbon and the sulphates of the alkalies and 
alkaline earths ; by heating carbon with sulphur dioxide, or steam and chlorine. 
The formation of carbon monoxide by heating a mixture of charcoal and a metal 
oxide has been discussed in connection with the history of this gas. Carbon 
monoxide is accordingly made by heating to redness mixtures of graphite with the 
oxides of copper, zinc, lead, or iron ; or by heating to redness mixtures of iron or 
graphite with the carbonate of an alkali or alkaline earth metal. The carbon dioxide 
is removed by scrubbing with a soln. of alkali hydroxide. H. Jahn found that 
various alcohols are decomposed into hydrogen, and carbon monoxide. According to 
E. Noack, 18 when carbon dioxide is passed over heated zinc dust contained in a com- 
bustion tube, it is reduced to carbon monoxide ; the last traces of carbon dioxide 
ale removed by passing the gas through a soln. of alkali hydroxide. L. P. Kinnicutt 
said that it is more convenient to heat chalk or magnesite with zinc dust, and added 
that after the first five minutes, the gas has a high degree of purity. G. Williams 
noted that hydrogen is produced by heating zinc dust with zinc or some other 
hydroxide, and H. Schwarz obtained a mixture of hydrogen and carbon monoxide 
by heating a mixture of 20 grms. of zinc dust, 22*8 grms. of calcium hydroxide, and 
30 grms. of calcium carbonate. H. Kohler found that carbon dioxide is reduced 
by hydrogen sulphide ; C0 2 -bH 2 S=S-f H 2 0-f CO ; and A. Eiloart, by the vap. of 
carbon disulphide in the presence of red-hot copper : CS 2 -f C0 2 -f 4Cu=2Cu 2 S-f2CQ. 
H. W. Paulus prepare^ hydrogen chloride and carbon monoxide by passing a mixture 
of chlorine and steam through a column of incandescent carbon. The hydrogen chlo - 
ride can be removed as hydrochloric acid by scrubbing the gases in a water tower. 

R. Ehrenfeld 19 found that at a dark red heat, alcohol and charcoal give a 
ihixture of carbon monoxide, methane, and hydrogen. J. A. Muller and E. Peytral 
observed the formation of some carbon monoxide in the pyrogenic decomposition 
of foriplfl acid. V. B. Lewes found that phenol reacts C 0 H 6 OH+C=CO-fC 6 H 6 . 
S. M. Losanitsch found carbon monoxide among the products of the action of the 
silent electric discharge on methyl alcohol. Cresol behaves similarly. M. Berthelot 
represented the reaction between acetaldehyde vap. (2 vols.) and hydrogen (5 vols.) 
at a dark red heat : #CH 3 .COH— CO-f CH 4 . According to R. Ehrenfeld, aluminium 
powder on ethyl alcohol at a red heat furnishes carbon monoxide, ethylene, water, 
and hydrogen, and, according *to H. Jahn, zinc dust at 300°-350° gives with methyl 
alcohol a mixture of carbon monoxide, hydrogen, methane, etc. ; ethyl alcohol at 
a red heat gives carbon monoxide, methane, hydrogen, and a little acetylene ; ether, 
at 300°-360°, gives ethylene and water and traces of carbon monoxide and methane ; 
formic acid gives carbon ’monoxide, hydrogen, and a trace of methane ; acetic 
acid gives acetone, acetic* anhydride, carbon* monoxide, hydrogen, ethylene, and 
propylene ; butyric acid gives carbon monoxide, water, propylene, and a ketone ; 
and ethyl acetate gives carbon monoxide and dioxide, ethylene, hydrogen, and 
acetone. .Quite a numben of organic 'products give carbon monoxide and other 
products when heated e.g. aldehvde (A. Bisti^ycky and M.Fellmann) ; *° citronic acid 
(& Wilde) ; dioxysuccimc acid and oxomalonjc epter (R. Anschutz and H. Pauly) ; 
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benzoylformic acid (L. Claisen) ; etc. A. Bistrrycky found carbon monoxide ia 
evolved when the tertiary acids are treated with sulphurio.acid ; and C. P. Cross 
and E. J. Bevan found much carboy monoxide is formed when cellulose is heated 
with sulphuric and chromic acids. P. Schtttzenberger 21 found that carbonyl 
chloride when heated with sodium gives sodium chloride and carbon monoxide ; 
and J. Davy found that with antimony pentoxide, carbonyl chloride gives antimony 
chloride and trioxide and carbon monoxide, while with arsenic, antimony, tin, or 
zinc, the metal chloride and carbon monoxide are formed, C. von Than, and 
A. Emmerling and B. von Lengyel said that at a red heat, carbonyl sulphide decom- 
poses into carbon monoxide, sulphur, etc. A. Cohn and H. Becker found carbon 
monoxide among the products of the action of the light of a mercury lamp on 
carbonyl chloride. L. Mond also found carbon monoxide is given off when the metal 
carbonyls are he'ated. 

According to J. W. Dobereiner, 22 carbon monoxide can be made by heating 
oxalic acid with sulphuric acid, and removing the carbon dioxide simultaneously 
formed by scrubbing the gas with calcium oxide or potassium hydroxide. In place 
of oxalic acid, J. B. A. Dumas used potassium oxalate, and T. D. Mitchell, and 

L. D. Gale used ammonium oxalate. G. Chevrier passed the mixed gases over 
red-hot carbon, and then through potash-lye and lime-water. J. S. Stas, and 
F. W. Skirrow employed his process. A. Scott said that the gas is contaminated 
with a little hydrogen or hydrocarbons. 

Carbon monoxide is made by gently heating, say, 20 to 30 grms. of crystalline oxalic 
acid, (C00H) 2 .2H 2 0, just covered with cone, sulphuric acid. The rate of evolution of tho 
gas is determined by tho temp, of the mixture. Equal vol. of carbon dioxide and carbon * 
monoxide are produced: (COOH) 2 -f H 2 S0 4 ~H 2 S0 4 -(-H 2 0-f C0+C0 2 . The former* is 
removed by passing the gas through a series of wash-bottles containing a soln. of sodium 
hydroxide. This process is more troublesome than the formic acid process. 

» 

M. Berthelot heated equi-molar proportions of oxalic acid and glycerol to 100°, 
and decomposed the product at 190°-200°. The gas was washed in potash-lye. 
C. Moureu found that oxalates are decomposed by thionyl chloride into carbon 
monoxide and dioxide. B. Blount obtained carbon monoxide by heating a mixture 
of calcium oxide and oxalate. C. Engler and J. Grimm also noted that many 
formates and oxalates decompose when heated giving off carbon monoxide*; for 
instance, 10 c.c. of ethyl oxalate in a sealed tube at 200? furnish a litre of a 
mixture of carbon monoxide and dioxide, and olefines 'in the respective pro- 
portions by vol. 48' 4 ; 43*8 ; 7’8. W. Wislicenus found that the esters of oxaloacetic 
acid at 200° •form carbon monoxide and malonic esters. 

J. W. Dobereiner 23 prepared carbon monoxide by heating formic acid a* 
formate with cone, sulphuric acid. The process was employed by F. Gfibel, 
J. Riban, G. Andre, E. Rupp, Lord Rayleigh, etc. V. Merz and J. Tibiricgfused lead 
formate and sulphuric acid. 

Carbon monoxide is perhaps most conveniently made in the laboratory by heating 
cone, sulphuric acid to aboutj 100° in a flask fitted with a double- bored rubber stopper ; 
one hole of the stopper ns fitted with a gas delivery tube, and the other with a tap funnel 
containing cone. (98 per cent.) formic acid, H.COOH. The tip 01 the funnel dips below 
the surface of the sulphuric, acid. Each drop* of formic acid produces some bubbles of gas. 
The reaction is simple : H.COOH -f H t S0 4 =H g S0..H 2 O-f-C0. There is no frothing, and 
the velocity of the stream of gas is regulated by the rate at which formic acid is dropped 
on the sulphuric acid. The gas is washed by bubbling it through a cone. soln. of sodium 
hydroxide. Cone, sulphurio acid can also be mixed with sodium formate in a flask provided 
with a safety funnel, and very gently warmed. Carbon monoxide is evolved. The rate 
of evolution of the gas depends on the cone, of the acid, * The dynamics of the reaction 
have been studied sby J. Meyer, V. H. Veley, J. 8. Morgan, T. Okaya, P. Sabatier and 
A. Maihle, M. Wegner, and E. R. Schierz. 

M. Berthelot found that formic acid decomposes largely into water and carbon 
monoxide when kept for some hours in a sealed tube at 200°-250°. Cl Engler and 
J. Grimm found that 10 c.c. of the feid when heated 8 to. at 150°-I6Q° f funysh 
300 c.c. of gas containing* 98‘8*pei^ cent, of, carbon monoxide and 1’2 per cent. 0 } 
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carbon dioxide ; * ethyl formate under similar conditions gave 300 c.c. of gas with 
18*2 per cent, of carbon monoxide ; 29*5 per cent, of carbon didxide, 7*2 per cent, 
of ethylene, and 45' 1 per cent of hydrogen. Amyl formate behaves similarly, furnish- 
ing amylene in place of ethylene. When formic acid is decomposed by the electric 
current, carbon monoxide, carbon dioxide, and hydrogen are formed, the proportion 
of carbon monoxide is decreased by working under press. A 2 per cent. soln. of 
formic acid was found by J. Riban to give 1*18 c.c. of carbon monoxide, 0*35 c.c. of 
carbon dioxide, and 0*39 c.c. of hydrogen when heated for 24 hrs. G. Andr4 
found that hydrochloric acid accelerated the decomposition of formic acid ; and that 
in the absence of hydrochloric acid, some carbon dioxide is formed. M. Berthelot 
and H. Gaudechon found carbon monoxide among the products of the decomposi- 
tion of formic acid by ultra-violet light. J. E. Lorin made carbon monoxide by the 
action of dehydrated alkali formates or acetates on formic acid at l35°-l£>b°. * 

Other carboxylic acids — e.g. tartaric and citric acids — behave in an analogous 
manner to formic and oxalic acids. J. Peterson found that carbon monoxide is formed 
during the electrolysis of malonic acid: CH 2 (C00H) 2 +H 2 0=3H 2 -f2C0 2 -|-C0. 
The reaction is said to occur in a series of stages : CH 2 (COOH) 2 — CH 2 (COO) 2 "-f 2H* ; 
CH 2 (COO) 2 -f H 2 0=CH 2 (C00H) 2 +0 ; * CH 2 (C00) 2 =CH 2 +2C0 2 ; and CH 2 +20 
*=C0+H 2 0. 

The cyanides can be regarded as nitrile derivatives of formic acid. G. Fownes 24 
made carbon monoxide by beating finely pulverized potassium ferrocyanide with 
8-10 times its weight of cone, sulphuric acid : K 4 FeC 6 N 6 -f 6H 2 0-f 6H 2 S0 4 — 6CO 
-f 2K 2 S0 4 -}-FeS0 4 -}-3(NH 4 ) 2 S0 4 . A little carbon dioxide and sulphur dioxide are 
'produced at the beginning of the action, but soon afterwards almost pure carbon 
monoxide is given off. If the temp, be too high, much frothing will occur. The 
process was employed by C. Grimm and G. Ramdohr, and by Lord Rayleigh. If the 
acid be tdo dil., hydrocyanic acid will be formed : 2K 4 FeC 6 N 6 +3H 2 S0 4 =3K 2 S0 4 
-fK 2 Fe 2 C 6 N 6 +0HCN : 

Carbon monoxide is prepared by heating, say, 30 grms. of potassium ferrocyanide with 
300 c.c. of cone, sulphuric acid in a capacious flask. In this case, the temp, of decomposition 
is high, and if the mixture be hdated too quickly, the gas is apt to come off so quickly as 
to be Jaeyond control. If dil. sulphuric acid be used, hydrocyanic acid as well as carbon 
monoxide may be formed. The process is more troublesome than the formic acid process. 

J. Wade and L. C. Panting used potassium cyanide in place of the ferrocyanide. 
Here again, with dil. sulphuric acid, hydrogen cyanide is produced ; and with 
cone, sulphuric acid, carbon monoxide is produced : KCN + 2H 2 S0 4 -f H 2 0 
,=PHS0 4 4*NH 4 HS0 4 +C0. Presumably hydrogen cyanide is formed in both 
caseef, but in the presence of cone, sulphuric acid, formic acid is first produced, 
and this ;s converted into carbon monoxide. The carbon monoxide is freed 
from carbtm and sulphur dioxides, and from hydrogen cyanide by scrubbing it 
twioe with a cone. soln. of potassium hydroxide. The carbon dioxide is derived 
from the presence of carbonates in the potassium cyanide. 

A. Geuther 26 obtained carbon monoxide by the action of an aq. or alcoholic 
soln. of alkali hydroxide on chloroform, CHC1 8 . G. Moser added that some ethylene 
and formic acid are produced at the same time. According to A. Desgrez, the 
reaction with a mixture of 50 gfms. of chloroform, 400 grms. of water, and 50 grms. 
of potassium hydroxide, is symbolized 1 : CHCl 3 -f 2KOH=2KCl-f HCl-f-H 2 0-fCO ; 
or, C^Cls-f KOH— KCl-f 2HCl-} I pO. The reaction is accelerated by heat and sun- 
light ; it is retarded in*darkness ; and it is faster than when bromoform is used. 
J. Thiele and F. Denfr said that 50-100 c.c. can be very conveniently made in A 
nitrometer by adding a few drops of chloroform to a 40 per cent, aq.'fcoln. of potassium 
hydroxide, and shaking the mixture. G. Andr4, and A. Desgrez noted that when 
chloroform is heated with ten times its vql. of water to 255°, it furnishes hydrogen 
chloride and formio acid, and that the tatter breaks down into carboy monoxide, 
etc. G. Andi4 found that when a mixture r of chloroform and aq. ammonia is 
heated for six hours at 20^°-^° nmmnninno Am ifnd carbon monoxide are 
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formed ; ^OlClj-f 3HgO-f 7NH 3 — H.COONH^-f fiNH^l-f CO. Afe 180°, a part 
of the chloroform is not attacked. A. Desgrez and M. Nicloux stated that the 
proportion of carbon monoxide in blood increases during anaesthesia by chloroform. 
Ttyis subject has been also discussed by L. de St. Martin. According to M. Hermann, 
bromoform behaves like chloroform, but the action is slower. No reaction occurs 
with iodoform ; but L. von Stubenrauch found that iodoform is decomposed by 
silver nitrate : CHI 3 -f 3AgN0 3 +H 2 0— 3AgI-f-3HN0 3 -f-C0 ; the reaction is 
apparently favoured by the formation of the- insoluble silver iodide. 

According to M. Tanret, if a mixture of soln. of chloral-hydrate, CC1 3 .CH(0H) 2 , 
and potassium permanganate be made alkaline, say with potassium hydroxide, gas 
is evolved, thj^ liquid becomes discoloured, and sesquioxide of manganese is preci- 
pitated. If several grams of chloral-hydrate be acted upon, and the temp, not raised 
above f 40°, the reaction will last for some hours ; then on filtering the liquid the 
filtrate' will be found to contain chloride, carbonate, and formate of potassium. The 
gas evolved is carbon monoxide. The reaction occurs equally well with very dil. 
soln., and even if borax be substituted for potassium hydroxide. This decomposition 
leads to a theory to account for the action of chloral-hydrate upon the animal system ; 
it is suggested that when this substance is taken into the circulation, it is submitted 
to oxidizing agencies ; the alkalinity of the serum determines its decomposition ; 
the carbon monoxide displaces the oxygen from the arterial blood, and produces 
an effect similar to that resulting from poisoning by carbon monoxide. The lowering 
of the temp, of the body and the prolonged action of the chloral -hydrate, owing to 
slow decomposition, tend to make this theory more tenable than the assumption of 
its conversion into chloroform. The slow decomposition of chloral by an oxidizing 
agent also explains the continuity of its action as a hypnotic, which would not be tiro 
case if it were transformed into chloroform. A. Desgrez also found that chloral 
is rapidly decomposed by an alkali hydroxide with the formation of carbon monoxide. 
It is assumed that chloroform and alkali formate are produced in the first stage of 
the reaction ; that alkali carbonates or hydrocarbonates do not decompose the 
chloral ; and that aq. ammonia does not act in the cold. 

The reputed formation of carbon monoxide and dioxide by the action of radium radia- 
tions on silicon, titanium, zirconium, thorium, and lead, is probably a inal-inferenoe from 
W. Ramsay’s experiments . u 
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§ 24. The Physical Properties of Carbon Monoxide 

Carbon monoxide maybe obtained in all states of aggregation. At ordinarytemp.it 
is a colourless gas without smell or taste ; L. P. Cailletet 1 condensed the gas by cooling 
and obtained a colourless and transparent liquid ; while S. von Wroblowsky by further 
cooling obtained a snow-white crystalline solid. A. Liversidge observed denditrio 
crystals. According to W. Wahl, when cooled by liquid air carbon monoxide crys- 
tallizes in the cubic system. The manner of growth indicates that the prevailing 
form is that of the rhombic dodecahedron. A. Eucken said that the sojid exists 
in two allotropic forms with a transition temp, at —213°. W. Cruickshank gave 
0-9678 for the relative density of the gas at 0°, air unity ; F. J. Wrede gave 0 96779 ; 
R. F. Marchand, 0-96812 in 1845, and 0 87563 in 1848; T. Thomson, 0 9698; 
H. V. Regnault, 0 9673 ; A. Leduc, 0 96702 ; and Lord Rayleigh, 0-96716. The 
last-named found that the relative densities of the gas prepared by different methods 
are in close agreement. For the weight of a litre of the gag, at 0° and *760 tnm., 
P. A. Guye gave 12504 grms. ; and A. Jaquerod and F. L..Perrot gave 1 25025 
grms. at 0° and 760 mm., and 0 25445 at 1067'4° and 760 mm. P. A. Guye 
also gave for the gas constant R, 22 413. From his data A. Leduc computed 
27*793 for the molecular weight of carbon monoxide if that of oxygen be 
31*96. Lord Rayleigh calculated that the mol. wt. is 27 9989, if that of • 
oxygen be 32 ; A. Scott gave 27-99 ; and A. Jaquerod and F. L. Perrqt, 28*009 (at 
1067°). The computed mol. wt. is 28 002, and hence at ordinary temp, carbon 
monoxide approximates closely to an ideal gas. From A. JaquerOd and 
F. L. Perrot’s datum it follows that there is no perceptible dissociation pt 1067°, 
and the gas is virtuallyin an ideal state ; they also pointed out that the mol. wt. 
of carbon monoxide is* the flame as that of nitrogen, and tha^the relative densities 
and a whole series of physical constants are the same for the two gases — 8. 27, 4. 
The comparison was ‘afterwards used by* I. Langiquir. The specific gravity of 
the liquefied gas at different temp., and referred to water at 4°, is, according to 
E. C. C. Baly and F. G. Donnan : . # 

-205*0® -200 9 -195® -190®(b.p.) -185® ♦ IS** 

Sp.gr ., D . . 0*8558 0*8348 0*8138 0*J929 # 0*7718 0*7676 

and the data cat* be represented by the expression # jD=0* 8558— 0*0042(1’ —68), 
when T represents the temp, on the absolute scale. 

The molecular volume calculated by L. Meyer 2 from T. Graham’s diffusion 
experiments is 15*4 ; from H. Kopp’s rulesf 23*2 ; and from assumption as to the 
vol. of the atoms, 18*8 ; and from J. Jposchmidt’s assumption, 25. The deviations ^ 
are in part due to the different «coqpepts involved in the term moL vol.— in some 
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ca8 es the vol. odtupied by the mol. is implied, and in others the sphere of action of 
the mol. A. Neumann also made observations on this subject. D. Berthelot gave 
0*99964 for v 0 calculated from v 0 =(vp/p 0 ){l-^ -0*p0046(p— po)}i when v is the vol. 
under a very small press, p , and p 0 is the normal press. The weight of the mol. of 
carbon monoxide is 28xl‘56xl0' 24 grm. ; the mean diameter of the mol. is 
3*76 xl(H cm. C. E. Guye and R. Rudy calculated the mol. diameter from the 
electromagnetic rotation. The mean free path of the mol. computed by J. H. J eans, 
eto. 4 is 6*8xl0“ d cm. ; the collision frequency, 4800 ^lO 6 encounters per sec. ; and 
the molecular velocity represented by the arithmetical mean of the mol. velocities 
is 454 metres per sec., and by the mean square of the mol. velocities, 493 metres per 
sec. E. D. Eastman gaye for the molar entropy of carbon monoxide 45*6 cals, 
per degree at 26°. P. D. Foote and F. L. Mohler gave 10‘ 1 and 14*3 volts for the 
ionization potentials of carbon monoxide. R. Gans discussed the symmetry of 
the mol. of carbon monoxide ; M. F. Skinker and J. V. White, and H. B. Wahlin, 
the motion of the electrons in the molecule ; and I. Langmuir, E. D. Eastman, 
V. Henri, H. Nagaska, and G. W. F. Holroyd, the electronic structure of the 
molecule — vide 4 . 27, 4 ; L. B. Loeb, the affinity of the mols. for electrons. 
The value of J. D. van der Waals’ constant o= 1*38 xlO 6 to 1*43 xlO 6 , say, 
l*40xl0 6 ; and of his 6=37*7 to 38*6, say 38*1, when vols. are expressed in c.c. 
and press, in atm., and if in litres per mm., a=1064, and 6=0*061. J. A. Muller 
estimated for the degree of polymerization in the critical state, 1*328. 

O. E. Meyer 3 gave 0000194 for the viscosity coeff. of the gas. T. Graham’s 
values are 0*0001630 at 0° and 0*0001840 at 20°. A. Wullner, and A. von Obermayer 
have made observations on this subject. W. Sutherland gave for the effect of temp, 
oif the viscosity, rj, of the gas 7]=77 0 (l+100a)(l-f a0)t(l4-lOO/r) _1 , where a is the 
coeff. of thermal expansion ; tj 0 , the viscosity at 0° ; 6 , the temp, in centigrade 
degrees, and T the temp, in °K. C. J. Smith gave for the viscosities of mixtures of 
carbon monoxide and nitrogen, 0'0001665 C.G.S. units at 0° ; 0*0001737 at 15° ; 
and 0*0002118 at 100°; and the calculated mean collision area is 0*767 xlO^ 15 
sq. cm. The surface tension of liquid carbon monoxide was measured by 
E. C. C. Baly and F. G. Donnan, 4 who found that 


— 205 ® 

- 203 ° 

- 198 ° 

- 193 ° 

- 188 ° 

— 183 ® 

1100 

1*053 

9-39 

8-27 

7-20 

616 

‘ . 112-07 

108-67 

98-66 

88-66 

78-65 

68-64 


where M denotes the mol. wt. ; v, the sp. vol. in c.c. per gram ; and a, the surface 
tension in dynes per cm. The effect of temp, on the surface tension was represented 
f by <7=23*77(1— rw) 08197 , where m denotes the reduced temp. J. Dewar gave for 
the specific 1 cohesion, a 2 =3*088 per sq. mm. at —203°, 2*824 at —193°, and 2*494 
at — 1 The effect of temp, on the mol. surface energy was represented by 

o(Jfe)*=l'996(132*47— T), corresponding with a liquid with normal mol. CO. 
According to W. J. M. Rankine, the velocity of sound in carbon monoxide gas at 
0° is 337*40 metres per sec. *, A. Masson gave 339*76 ‘metres per sec. ; and 
A. Wtillner, 337*129 metres per sec. Values were also obtained by C. Bender. 

T. Graham 5 found that the diffusion of carbon monoxide through red- 
hot iron is such that a capillary tube with walls 1*7 mm. thick allowed 76*6 c.c. 
of hydrogen to pass per sq. metre ‘ per minute, and 0*284 c.c. of carbon mon- 
oxide under the same conditions. He also found that the time of transpira- 
tion f of carbon monqxide through capillary tubes is 0*8750 when that of 
oxygen is unity ; 1J. St. * C. Deville and L. Troost verified this observation 
and found that even at ordinary temp., cast iron is not impervious to this gas. 
Similar observations were made by A. J. Morin, and P. J. Coulier. M. Berthelot 
found that at 626°-660° carbon monoxide can diffuse through glass, and at 800°-810°, 
, the permeability is, less. N* R- Campbell discussed the disappearance of carbon 
monoxide in electric discharge tubes. L. Spencer found carbon monoxide does not 
* diff use in silver. T. Graham forbid that the permeabilities of rubber to nitrogen, 
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carbon monoxide and dioxide are in the proportion 13*585 : 12 203 : 1, but the veloci- 
ties of diffusion are as 1 : M13 : 13*585. J. Dewar studied. the rate of diffusion of 
carbon monoxide through indiarubt^r ; and A. von Obermayer, the speed of the 
mutual diffusion of hydrogen and carbon monoxide, carbon monoxide and dioxide, 
and carbon monoxide and ethylene ; and J. Loschmidt, carbon dioxide and carbon 
monoxide, and oxygen and carbon monoxide. J. C. Maxwell made observations 
on this subject. T. Graham found the speed of diffusion of carbon monoxide through 
a porous plug agreed with Ins law, velocity of diffusion =ZH. J. Sameshima and 
K. Fukaya studied the atmolysis of carbon monoxide. F. G. Donnan found the 
speed of effusion of carbon monoxide through a fine opening agreed with T. Graham’s 
law. E. Budde 6 observed a compression of , 77 th vol. by a press, of 2*79 atm. 

J. 0. Natterer measured the pv-isothermal curves of carbon monoxide. He showed 
thafrif unit vol! of carbon monoxide be compressed by 3600 atm. press., the vol. 
is not* reduced q-— th as required by Boyles Law, but it is rather reduced ^ 77 , th. . 
The values of PoVofpv for different values of p, when PqV q is unity, become 

»atm. . . 77 307 629 911 1264 1684 1867 2209 2709 

Put'alpv . • 1*000 0936 0-727 0678 0464 0396 0362 0*311 0261 

The values of PqVq/pv may be taken to represent the compressibility of carbon 
monoxide. E. H. Amagat found for press, p mm., the following relative values of 
pv at 18°-22 0 : 

« 24 1 34-9 65*6 72-2 101*5 177-6 304*1 

pv . 27147 27102 27026 27071 27420 29217 33919 

H. Y. Regnault found the compressibility of carbon monoxide to bo 1*00005 between 
75 and 150 atm.; Lord Rayleigh gave p=p\V\/pi v=l*00028 between 0*5 and 
1-0 atm.; and at 138° and 0 5 atm., 1*0026. Since P^Po%(^V > 
fl— i_la ; and a—d(pv)lpv.dp—2{l—p). For carbon monoxide, a== -M)*00081; 
and C. Schlatter gave —0*00048. E. Mascart made some observations on the 

compressibility of this gas. it . . 1nn0 

H. V. Regnault ? found the coefficient of thermal expansion up to 100 at one 
atm. initial press.— press, variable and vol. constant*- to be 0W36667 > ^ , 

press, constant at one atm., and vol. variable between 0 and 100 , 00036688. 
These values are very close to those of an ideal gas. A. Jaquerod and F. L. rerro 
found 0*0036648 between 0° and 1067°, and initial press. 230 mm. at constant vol. 

A. Winkelmann gave for the thermal conductivity, 00000510 cal. per cm^cubeper 
sec. per degree between 7 ° and 8 ° ; A. Wiillner, 0W0O499 at 0 , and 0 0000645 
at 100°. J Stefan, and F. Soddy and A. J. Berry made observations on this subject., 

E. Mallard and H. le Chatelier found the velocity o! cooling of carbon monexidc 
between 1800° and 300° to be represented by F=ip-< l ' 75 c(e— 200 ), wflcrej) denotes 
the gas press. : e, the excess of the temp, of the gas over that of its survonnding , 
and i is a constant independent of e and p, but dependent on ^e cWacter of 
the containing vessel. The value of k for the iron cylinder they used wa* 0 0,3381. 

According to H. V. Regnault , 8 the specific heat of carbon monoxide at constant 
pre» is ol450~0'2l79; and at constant vol., 0'237(M)«399. E. Wiedemann 
found at constant press., 0 2425 between 23° and 99° ; and 0-2426 hetween 26 
• and 198°. M. Berthelot" and P. Vieille measured the sp. ht. of mixtures of carbon 
and nitrogen monoxides. P. Vieille estimate® the mean molecular heat atordinary 
temp, to be C,=4'8 ; at 3100°, C.=6-30 ; at 360T, C,= MO ; and at «O 0 J ; # 
on the assumption that dissociation does not occur. E. Mallard and H. le Chatelier 
represented the effect of temp, on the mol. ht. of .carbon monoxide ^ 

q ^e-s+o-oooef. K. Scheel and W. Hense found f5r Cp, 7 009 at 18 , and 7 244 
at — 18<?. A. Encken found the mol. ht. of solid a-carbon monoxide. or carbon 
monoxide-// t« be C p =2'62, and C,,=2-68 at 17 5° K. ; and ( C s = 13 6 ^ 
itVl 0 K. The valuq of C p was calcuMed from that of C, by W. Nemrt_ and 

F. A. Lindemann’s expression Cp-^ATCp*, ?here the constant A is 3 

For liquid carbon monoiide, <7,=wl2'28 at; 62' 95 K., and 14'47 at 77 9 K. The 
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value of P. Debye’s constant 9 is 119. A. Cazin found the ratio of the two specific 
heats, CplC v , of carbon monoxide to be 1*41 ; A. Masson gave 1*413 ; A. Leduc, 
1*401 ; and A. Wiillner, 1*40320 at 0°, and 1*39566 At 100°. K. Scheel and W. Heuse 
found 1*398 for the ratio at 18°, and 1*472 at —180°. J. R. Partington gave 1*206 
for the chemical constant. H. C. Urey calculated the entropy of carbon monoxide 
at 26° to be 45*6 , and R. C. Tolman and R. M. Badger also calculated values for 
this constant. 

M. Faraday, 9 M. Berthelot, and J. 0.' Natterer failed to liquefy carbon monoxide 
— M. Faraday worked at 40 atm. press, and a bath of carbon dioxide in vacuo, and 

J. O. Natterer used a press, of 2790 atm. L. P. Cailletet observed that carbon 
monoxide remains in the gaseous state when cooled to — 29° by sulphur dioxide, 
and kept under a press, of 300 a^m. ; if, however, the press, be suddenly relieved, 
an opaque mist is produced by the liquefaction of the gas. S. von Wroblewsky* and 

K. Olszewsky found that carbon monoxide is not liquefied by a press, of 150 atm. 
at — 136°, but if the press, is suddenly released, liquefaction occurs, and if the release 
of the press, be not too rapid, the gas is completely liquefied. They announced 
their discovery in a despatch to the Paris Academy, April 21, 1883, in these words : 
** Oxyde de carbone liqu^fie dans les memes conditions que l’azote. Memisque 
visible. Liquide incolore.” In the modern apparatus, the liquefaction of carbon 
monoxide is a comparatively simple operation. S. von Wroblewsky found that if 
liquid carbon monoxide be evaporated in vacuo, the temp, falls to — 200°. 

K. Olszewsky found that the liquid freezes to a snow-like mass or an opaque solid 
when the liquid is evaporated in vacuo. Before solidification occurs, S. von 
Wroblewsky said that the liquid becomes viscid and turbid. At a press, of 90-100 
mfli., and at — 199°, a crust of solid forms on the surface of the liquid ; the crust 
then crazes, and the whole mass solidifies. K. Olszewsky found the temperature of 
liquefaction, 9°, of carbon monoxide under different press, p , in atm. to be : 

p . . . : 257 21-5 18-1 14*8 4 6 10 

e . . . . - 146 - 3 ° - 148 - 8 ° -162 0 ° - 165 - 7 ° -172 6 ° -190 0 ° 

S. von Wroblewsky, K. Olszewsky, and E. Cardoso respectively give for the critical 
temperature —141*1°, —139*5°, and — 138*7° ; and for the critical pressure, 35*9, 
35*5, .and 34*6 atm. H. K. Onnes and co-workers gave — 132° for the critical 

temp, ana 35*9 for the critical press. E. Cardoso gave 0*3110 for the critical 

density ; and D. A. *Goldhammer, 0*2982. S. F. Pickering gave for the best 
representative values, 0,=— 134*4°; p c =34*6 atm.; and Z) c =0*3110. Carbon 
monoxide furnishes a colourless transparent liquid with a marked paeniscus. It 
.evaporates very quickly. K. Olszewsky gave —190° for the boiling point at atm. 
press., and S. von Wroblewsky, -193°. The latter also said that it boils at -190° 
under a jpresrf. of 735 mm., and at —201*6° under 40 mm. press. ; and if 6 per cent, 
of carbon* dioxide be present, the liquid boils at —116° under atjn. press. The 
y&pour pressures of the liquid and solid have been measured by K. Olszewsky, 
S. von Wfoblewsky, E. C. C. Baly and F. G. Donnan, and H. Happel. The values of 
S. von Wroblewsky are : 

-201*6° * 198*83° -197-5° -190 s -159*7° -15473° -147*73° -141*2° -140*2* 

Vap. press., p ^40 100 160 736 12-80 16*21 23*68 34*42 39*0 

Solid p in mm. f . Liquid p In atm. 

E. C. C. Baly and F. G. Donnan^gave : • 

< -205° -200° -195° -191° -190° -185° -183° 

Vap. press., mm. , . If4*30 248-80 483-96 772-36 863-06 1429*98 1722*63 

L. P. Cailletet found that carbon monoxide solidifies at —211° ; S.^von Wroblewsky, 
at —199° ; and K. Olszewsky, at —207° and under 100 mm. press. The malting 
point, according to A. Eucken, is — 212*6°, or 60*4° K. The soli4 exists in two 
forms with a, transition point<at —213 0 or 60° K. Hence, 

—i9i* -sw-e* f -as* 
QOgag^COjiquld&JtCO/s-nol^^pOa-sotid 
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A. Eucken found 144* 1 cals, per mol for the heat of tranitormiltton of the solid ; 
224*1 cals, per mol for the heat of fusion ; and 1414 cals, per mol for the heat of 
vaporization. K. Bennewitz and. F., Simon studied Troutons constant for carbon 
monoxide. 

J. Thomsen 10 obtained for the heat of formation of carbon monoxide 
0+0=00+30*315 Cals. ; M. Berthelot and C. Matignon +261 Cals. ; and 
M. Berthelot, 25*7 Cals, with diamond carbon, and 28*7 Cals, with amorphous carbon. 
H. Jiiptner von Jonstorff found the free energy, F, of the reaction C+10 a =C0 
to be F=28652-2+2-53r+4*56r log p 0 */p C o ; and for the reaction C+C0 2 =2C0, 
40657*8+40* 15T+4 , 56r log pcojpco 2 . G. Bodlander, and E. Baur mado 
observations on this subject. The heat of solution of 28 grms. of carbon monoxide 
in an acid # soln. of cuprous chloride was found by H. Hammer! to be 1137 Cals. 
J. Bronn calculated 5000° for the temp, of combustion of carbon monoxide, and 
for the heat of combustion of carbon monoxide, P. L. Dulong gavo 69*9 Cals. ; 
and C. Grassi, 52*5 Cals. T. Andrews found for a litre of carbon monoxide with excess 
oxygen, 3*057 Cals. ; for a litre of oxygen with excess carbon monoxide, 6*114 Cals. ; for 
a gram of oxygen with excess carbon monoxide, 4*255 Cals. ; and for a gram of carbon 
monoxide with excess oxygen, 2*431 Cals., P. A. Favre and J. T. Silbermann gave 2*403 
Cals, per gram of carbon monoxide. J. Thomsen gave CO+O=CO 2 +66*810 Cals. ; 
and (CO, O, aq.)=72*69 Cals. M. Berthelot gave 68*3 Cals. ; D. Lagcrlof, 68*4 
Cals, at constant vol. ; and M. Berthelot and C. Matignon, 67*9 Cals, at constant 
vol., and 68*2 Cals, at constant press. The subject has been discussed by H. E. Arm- 
strong, A. Boillot, and by S. U. Pickering— vuie combustion of carbon. 

Carbon monoxide thus represents partially-burnt carbon. When forinod by the com- 
bustion of carbon in air, the product is called simple producer gas. It is used as a fuel in 
the so-called gas-firing. In the ideal case, producer gas contain!! 34*7 per cent, by vol. 
or weight of carbon monoxide, and 65*3 per cent, of nitrogen. One pound of carbon furnishes 
6*71 lbs. of simple producer gas : • 

Heat unlU. 

One pound of carbon burning to carbon dioxide gives .... 8080 

6*71 lbs. of producer gas burning to carbon dioxide give .... 5588 


* Difference * 

This difference, approximately 31 per cent., represents a kind of dead charge on the prooess 
of converting the solid fuel into gaseous fuel— simple producer ga* It shows that so far 
as mere fuel-saving is concerned, the use of gaseous fuel in preference to direct tiring is not 
necessarily economical. 


W. H. Miller 11 showed that carbon monoxide gas is transparent to the chemical # 
rays. The index of refraction has been determined by E. Mascart, F. Perreau, 
J. Koch, H. C. Rentschler, M. Croullebois, C. and M. Cuthbertson, J. l^emencic, 
F. Mohr, and $. Gruschke. The following are selected from their resulte lor light 
of wave-length A : # 


Mfin) . 334*2 471*3 501*6 546 2 

Index 1*0003442 1*0003394 1'0003379 1*0003361 


689 6 644*0 670*9 867*8 

1 000349 l 0003328 1*0003325 1*00033255 


T. M. Lowry inferreclfrom the index of refraction and sp. inductive capacity tlmt the 
mol. is not internallv ionized. E. Mascart gave for the dispersion 0*0075. A. Kundt 
and W. C. Bontgen found 0*000232 for the # electromagnetic rotation of the plane 
of polarized light in carbon monoxide at 20° aitd atm. press., referred to that ^ 
of carbon disulphide at the same temp. E. von Bahr me^ured the absorption of 
the ultra-violet rays by carbon monoxide ; H. Baerwald’ A. Becker, and J.Robinson, 
the absorption cdfeff. for cathode Yays ; and J. J. McHenry, the action of the 
positive rays on carbon monoxide. A. Forshaw investigated the luminosity of 
the burning gas. The spectrum of carbon monoxide has been discussed in con- 
nection with that of carbon. E. C. Kemotl 12 computed the relative intensities of 
the bands in the ultra-red spectrum band C. Schaefer, and M. Thomas studied jhe 
structure of the ultra-red abtorjtfion spectrum ; and V. Henri, the absorption 
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spectrum. M. Duffieux calculated the mass of the particles that emit the spectrum 
of carbon monoxide. W. W. Coblentz measured the ultjp-red spectrum of carbon 
monoxide at 08 mm. press, and obtained the f result shown in Fig. 35. C. Schaefer 

measured the ultra-red spectrum of carbon 

7 \ || H j~] monoxide. 

6 JZ G. Gehihoff 13 measured the cathode fall of 

^ jL .potential of carbon monoxide eliminating the 

£ 3 i j h- effects of decomposition. He was unable to 

^ 2 1 — L_ confirm the statement that the cathode fall of 

~~~ ~~~~r potential of a compound gas is the sum of the 

o / 4 5 6 /i separate values calculated for the component 

Wave-length . atoms. G. Stead and B. S. Gossling gave 15 

Fio. 35. — Ultra-red Emission Spec- volte, and C. G. Found 13 5 to 1 4 volts for thokttUe- 
trum of Carbon Monoxide. mg potential ; and A. L. Hughes and A. A.*Uixon, 
7*2 volts. P. D. Foote and F. L. Mohler 


found two ionizing potentials, 10' 1 volts and 143 volts; and C. A. Mackay gave 
14*1 and 15*6 volts. H. B. Wahlin measured the affinity of the mols. of carbon 
monoxide for the electrons. E. P. Metcalfe measured the ionization by a-rays in 
various gases. Assuming that the additive law applies, the value for carbon was 
0*42 from the series oxygen, carbon dioxide, carbon monoxide ; while for the series 
methyl, ethyl, and butyl alcohols the value 0 69 was obtained, and a similar value 
was obtained for carbon from the series hydrogen, methane, ethane, propane, butane, 
and pentane. Hence, only for a series of related compounds is the additive law 
applicable. The combustion of dry filtered carbon monoxide gives rise to ions of 
as order of mobility totally different from those produced by the moist gas. Direct 
comparison of the ions produced in air by radium and by a dry carbon monoxide 
flame shewed that the mobility of the positive ions is 20 per cent, greater, and of 
the negative ions 70 per cent, greater, in the case of radium. Hence it is inferred 
that the ions produced by the combustion of carbon monoxide and by radium have 
very similar mobilities and are probably identical. M. F. Skinner and co-workers, 
and R. N. Chaudhuri also studied the motion of the electrons in crossed electric 
and magnetic fields. M. Brotherton studied the emission of electrons when liquid 
alloys of *sodium and potassium act on carbonyl chloride. 

. M. de Broglie, tfnjl V. Hoeper measured the electromotive force of carbon 
monoxide and oxygen gas cells, and found the e.m.f. of the combination Pt : CO : 
HC1 : HgCl : Hg : HgCl : HC1 : 0 : Pt is 045 volt, and when carbon is substituted 
for platinum, a similar value is obtained. H. Kallmann found that ’the e.m.f., E f 
' of pells containing carbon monoxide, carbon dioxide, and oxygen on one side 
of a glass wvtil, and air on the other at 717° and at press, between 800-920 mm., 
could be'.expressed by the equation £=1*118— 0*0707 log PcWpcoPco,** From 
the effects obtained by mixing air with the carbon monoxide, V. Hoeper inferred 
that carbon monoxide is not indifferent to oxygen but unites with it to 
form carbon dioxide. It was also found that the potential difference between 
" platinum and a soln* of cuprous chloride is the same whether the soln. contains 
carbon monoxide or not. Similar results were obtained with carbon. The 
basis of W. Borcher’s cell, Cu*: CO : CuCl : 0 : C, is Cu ; CuCl : C with an e.m.f. of 
Q‘45 volt. The e.m.f. is not appreciafoly affected by introducing carbon monoxide 
about the copper electrode andr oxygen about the carbon electrode. The oxygen, 
however, prevents the^paration of copper at tbe carbon electrode, and thus the 
element cannot assume th6 form Cu : CO : CuCl : Cu with an e.m.f. practically 
zero. The carbon monoxide is oxidized to carbon dioxide at tlfc copper electrode, 
and this gives a continuous current. F. Haber and A. Moser made cells in the 
following manner : t 

The lower end of a teat-tutfb was etched inside and outside with hydrofluoric acid, the 
roughened surfaces moistened with platinic chloride and heated so as to produce a coating 

spongy platinum ; electrioal contact was made .to the coatings by means of platinum 
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wiree, and suitable tubes were introduced to allow carbon raonoxidS, oxygen, or other 
gases to be brought into contact with the platinum coatings. The whole was heated bv 
a jacket of boiling sulphur or phosphorus pentasulphide. The hot glass itself acted as 
the electrolyte, the two coatings of platinum being the electrodes. Air about the outer 
coating may be considered as the gas about one electrode. 


The e.m.f. observed for CO-f- J0 2 =C0 2 were in agreement with those calculated from 

ifi " ^ « 7 L l°£io PcoJpcoPcof— 5'95T, between 

717 and 791 . When pure carbon monoxide is used, it decomposes in presence of 
the platinum, depositing carbon. This deposit of carbon produces an e.m.f. of 
nearly 1 volt. That the e.m.f. is due to the carbon is proved by the fact that it 
persists in presence of carbon dioxide, but disappears if oxygen be passed in. The 
resistance^ of the carbon- monoxide-oxygen cell is about 500 ohms. When closed 
through an eternal resistance, a current was produced which at first rapidly 
diminished; after a minute it reached the value 0*32 xl0~ 4 amphre and the 
e.m.f. of the cell had fallen to O' 26 volt. M. Faraday, and J. PIttcker found 
carbon monoxide to be diamagnetic. L. Boltzmann gave for the dielectric 
constant at 0°, and one atm. press., 1*000690 ; J. Klemencic, 1*000695, and 
A. P. Carman and G. T. Lorance, 1*00099. H. Riegger found 1*002633 at 
—189°. C. E. Guye and R. Rudy measured the electromagnetic rotation of the 
gas. H. Weigt gave (0*1180 + 0*0016) x 10“ 18 for the electrical moment of carbon 
monoxide. 
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• § 25. The Solubility of Carbon Monoxide 

H. Davy 1 reported that water absorbs R \ ( th of its vol. of this gas ; J. Dalton 
said ^th ; and T. de Saussure, ^th. Other observations have been made by 
K. Angstrom, A. Christoff, S. Gniewasz and A. Walfisz, G. HUfner, E. Wiedemann, 
and A. Findlay and H. J. M. Creighton. R. Bunsen represented his determinations 
of the solubility by. the formula : 0— O' 032874-0-00081 6320 -f OOOOO16’4210 2 ( 
where fi, the absorption coefficient, denotes the vol. of carbon monoxide reduced 
to n.p. 0, absorbed by one vol. of water when the press, of the gas apart from that 
of the solvent is 760 mm. F. Hcnrich recalculated R. W. Bunsen s data and gave 
the formula j3=0-032784-0 00080094^+0’00001 587202 . The following is a 
selection from L. W. Winkler’s observations : 

0 ° 5 ° 10 ° 15 ° 20 ° 40 ® 00 ® 80 ® 100 “ 

8 . 0-03537 0 03149 0 02816 0 02543 0 02319 0 01775 0 01488 0 01430 V01410 

q . 0-0044 0-0039 0-0035 0-0031 0 0028 0 0021 0-0015 00010 0 00<j0 

It also includes q , the number of grams of carbon monoxide absorbed by 100 grins, of 
water at a total press, of 760 mm. The solubility coefficient, l , representing the 
ratio of the vol. v of the gas absorbed at any press, and temp., to tlje vol., V , of the 
absorbing liquid such that l—v/V , can be calculated from the absorption coeff. by 
the relation 0 003670). G. Just gave 0 02586 for water at 20°, and 0’02404 

for water at 25°. K. Angstrom estimated that the absorption by water of a vol. 

of carbon monoxide equal to its own vol. causes an expansion of G'00127 vol. 

According to F. Leblanc, 2 soln. of cuprous chloride in hydrochloric acid readily 
absorb carbon monoxide, and this is accompanied by a slight rise of temp. ; api- 
moniacal soln. of cuprous chloride is also a good absorbent. The soln. sat. with 
carbon monoxide can be treated with much water without the separation of cuprous 
chloride, or th*e evolution of gas. The gas is given off when the soln. is boiled or treated 
in vacuo. These soln. of cuprous chloride are accordingly used as absorbent^ for • 
carbon monoxide in gas analysis— vide cuprous chloride, 3. 21, 13. A..Kropf found 
that a little stannous chloride in a hydrochloric acid soln. of cuproty! chloride 
increased the absorptive power for carbon monoxide. A. T. Larson and <5. S. Teita 
worth studied the absorption of carbon monoxide by ammoniacal soln. qt cuprous 
carbonate and formate. If. Jean showed that the gas is also absorbed by an 
ammoniacal soln. of silver oxide. A. Desgrez and co-workers, %nd A. Piutti discussed 
the rate of absorption of carbon monoxide by chromic acid, potassium permanganate, 
alkali peroxides, and iodine pentoxide, from currents of gas. A. B. Lamb and 
co-workers reported on the removal of carbommonoxide from air. 

1^ W. Winkler developed an empirical* relation between the absorption coeff., 
j3, and the viscosity coeff., rj, such that at iemp. 0 and 9 lt # • 

Pe-pe i _J r le— r }9i Ml 

ft vt~ T • 

where k is a constant, and M is the mol. wt. of the gas. T. E. Thorpe and 
J. W. Rodger showed that the real relation can be represented by 

MU!.*!. 
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K. Angstrom foftnd that the increase in the vol. of water sat. with carbon monoxide 
is 0*0000418, or 0*00127 per unit vol. of gas absorbed. The press, necessary to com- 
press the gas from unit vol. to 0 00127 vol. is^2Q0 atm. L. Cassuto measured the 
effect of press, on the solubility of carbon monoxide in water. P. Villard observed 
no signs of the formation of a hydrate when oarbon monoxide dissolves in 
water. 

A. Christoff 8 measured the solubility coeff . of carbon monoxide in dil. sulphuric 
acid, at 25°, and found for water, 0 02482 ; for 35*82 pe£ cent, sulphuric acid, 0*0114 ; 
for 61*62 per cent, acid, 0*00958 ; and for 95*6 per cent, acid, 0*0245. G. R. Fonda 
measured the solubility in aq. soln. of sodium hydroxide , of potassium hydroxide , and 
of sodium nitrate. The results with the -alkali-lye are attended by &he formation 
of sodium formate : CO-j-NaOH^H.COONa ; if p 0 represents the initial press, of 
the carbon monoxide, and p the press, at the^ime 
t, h—{\og(p 0 /p)\/t. The results are shown graphi- 
cally in Fig. 36. 

The solubility of carbon monoxide in a num- 
ber of organic solvents has been determined. 
M. Berthelot said that the solubility in ethyl alcohol 
is seven or eight times as great as it is in water. 
L. Carius found that the solubility in ethyl 
alcohol between 0° and 25° was constant within 
the limits of his experimental error such that 
jS =0*20443, but G. Just gave for the solubility co- 

Fio. 36. — Solubility of Carbon at 2 ?.° f nd , 26 ,°’, 

'Monoxide in Solutions of Potas- 01901 and 01921, methyl alcohol , 0 1830 and 
sium and Sodium Hydroxides. 0*1955; amyl alcohol, 0*1706 and 0*1714, aniline , 
c 0*05055 and 0*05358 ; carbon disulphide, 0*08112 

and 0*08314; ; nitrobenzene , 0*09105 and 0 09366; benzene, 0*1645 and 0*1707; 
acetic acid, 0*1689 and 0*1714 ; xylene, 01744 and 0*1781 ; toluene, 0*1742 and 
0*1808; chloroform. 0*1897 and 0*1954; amyl acetate, 0*2108 and 0*2140; acetone, 
0*2128 and 6*2225 ; isobutyl acetate. 0*2314 and 0*2365 ; and ethyl acetate, 
0*2419 and 0*2516. A. Christoff gave for the solubility coeff. of carbon monoxide 
in ether at 0° and 10° respectively 0*3618 and 0*3842. G. Claude measured 
the solubility of carbon monoxide in ether between 20° and —40°, and for press, 
up to 1600 atm. S. Gidewasz and A. Walfisz found 100 vols. of petroleum absorb 
13*4 vols. of carbon monoxide at 10°, and 12*3 vols. at 20°. P. ^alciola made 
cryoscopic observations on the solubility of carbon monoxide in water , formic acid, 
aaetm acid, benzene, nitrobenzene, acetophenone, phenol, p-xylene, bromoform, and 
ethylene dibnomide. O. Lubarsch gave for the solubility of carbon monoxide in 
mixturejfpf ethyl alcohol and water at 20° and 760 mm. 

Per oent. alcohol . 0 9*9 16*67 23*08 28*67 33*33 60*00 

Per cent. CO abeorbed . 2*41 1*87 1*76 1*68 1*60 1*94 3*20 

F. W. Skirrow observed the solubility of .carbon monoxide in a number of mixtures 
at 25° — e.g. in a soln. of aniline, carbon disulphide, naphthalene, phenanthrene, 
a-mphthol , ft-naphthol, ethyl alcohol, fiitrobenzene, chloroform, toluene, or benzene 
in acetic acid, acetone, benzene, or toluene ; also in mixtures of methyl alcohol with 
chloioform or glycerol, or in a mixture of carbon disulphide and ethylene dichloride. 
* It was concluded that* the solubility in various mixtures of organic solvents is, iu 
general, an additive function. * * 51 

According to A. Schwenkenbecber, 4 carbon monoxide is not absorbed through 
the skin. G. Htifner found the absorption coeff. in hemoglobin between 19*50° 
and 20*25° varies from 0*0^)18 to 0*02250. Hence, the gas is less soluble in hemo- 
globin soln'. than in water. A. Findlay and H. J. M. ’Creighton measured the 
*sdlpbility of carbon mqnoxide ih the Hood and sprum of the ox. In both cases 
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the solubility is less than in water. N. Gr^hant found that 100 c.o. of blood 
absorbed from air mixed wjth carbon monoxide : 

Barts of CO . . 0-001 0 0060 000260 0 00107 0 00083 0-00067 0 00038 0-00019 

Absorbed CO in 1 hr. 8-0 41 3 0 1-6 — 0’69 0‘44 0-22 

Absorbed CO in 2 hre. 10 0 7*8 4-2 3 1 1-63 1 18 0 88 0 45 

J. Hunter 6 found that one vol. of wood charcoal at ordinary temp, adsorbed 
21*2 vols. of carbon monoxide, reduced to. 0° and 760 mm. ; R. A. Smith found 
6*00 to 6*03 vols. of gas were adsorbed. J. Dewar found that one o.c. of wood 
charcoal at 0° adsorbed 21 c.c. of gas, and at —185°, 190 c.c. ; 27 5 cals, of heat 
were developed during the adsorption. J. F. Homfray, W. Hernpcl and G. Vater, 
and E. Blurfttritt made observations on this subject — vide supra . T. Graham 
observed that at a dull red heat, iron absorbs 4' 15 vols. of carbon monoxide which 
is given up at a higher temp, or in vacuo. H. Caron said that molten cast iron does 
not absorb carbon monoxide-- vide supra , diffusion of carbon monoxide. A. Sieverts 
and W. Krumbhaar found carbon monoxide dissolves in solid and in molten nickel , 
but it does not dissolve in copper at 1520°. A. Matthiessen and W. J. Russell said 
that copper melted under charcoal does not adsorb carbon monoxide, but H. Caron 
reported that molten copper absorbs some carbon monoxide and gives it up on 
cooling. T. Graham found that silver adsorbs 0*15 vol. and gold 0*29 vol. of carbon 
monoxide. The adsorption of carbon monoxide by iron, nickel, cobalt, copper, 
palladium, and platinum was studied by H. S. Taylor and R. M. Burns— vide the 
respective metals— and also by copper, cobalt, manganese, and silicon oxide*. 
W W Hurst and E. K. Rideal studied the adsorption of carbon monoxide by 
copper, and copper-palladium. A. Berliner, F. H. Bollard, and D Tomnyisi 
found that platinum absorbs carbon monoxide. According^ to M. Berthelot, the 
vol. of carbon monoxide retained by air-dried clay-soil is* equal to the vol. of 
air which it can retain, and hence the retention of carbon monoxide by the earth 
after an explosion in a mine, for example, is not due to any specific action 
between the soil and the gas. For the solubility of carbon monoxide in glass, 
vide supra, diffusion. 
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§ 28. The Chemical Properties o! Carbon Monoxide * 

• .Carbon monoxide can be preserved an indefinitely long time in a glass gas- 
holder. 1 Ac<jording to W. Henry, 2 and J. Plticker, the gas is slowly decomposed 
by the pawpage of an electric discharge, forming, said H. St. C. Deville, carbon and 
carbon dioxide ; if the latter gas be absorbed by a soln. of potassium hydroxide, 
the decomposition may be complete. H. Buff and A. W. Hofmann said that the 
induction spark is without action on the dried gas. J. N. Collie noted that carbon 
monoxide is far more ptable than carbon dioxide. He stated that the gas may be 
treated with powerful sparks for half an hour without an appreciable result, and the 
product gives no turbidity with baryta- water. If, however, the current be sufficiently 
strong to make the negative electrode red hot, a very small amount of carbon 
dioxide is produced, too little tp measure, but sufficiently great to cause a white 
precipitate with baryta-water, and small specks of something black, presumably 
carbon, collect on the positive electrode. P. G. Tait and T. Andrews observed that 
the silent discharge cabsed the gas steadily to .contract. After ^0 hrs.’ exposure, 
the gas had contracted one-third in vol. and contained carbon dioxide, oxygen, 
and undecomposed carbon monoxide. A bronze-coloured deposit appeared on the 
positive electrode. This deposit was r iflvestigated by M. Berthelot, etc . — vide 
carbon suboiide. A. Grau and F. Russ studied the action of an electric arc between 

platinum electrodes in carbon monoxide contained i%a quartz tube. A. T. Cameron 

< * 
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- and W. Radsay found carbon dioxide is formed when radium emanation acta on 
carbon monoxide. . 

H. St. C. Deville 3 found that carbon monoxide is reversibly decomposed at a 
bright red heat : 2C0^C+C0 2 ,‘ biffc, said M. Berthelot, the amount decomposed 
is very small. Very little change was observed in carbon monoxide contained in a 
quartz tube at 1000°, and rapidly cooled. C. Langer and V. Meyer said that carbon 
monoxide is not appreciably affected at 1200°, and at 1690° the gas is partially 
decomposed ; but H. C. Wultereck said that the dissociation begins between 570° 
and 580°. F. Wtirtenberger observed that the carbon monoxide in producer gas 
at 1000° was practically decomposed : 2CO=COo-f C. A. Gautier said that the 
formation of carbon dioxide at 560° is perhaps conditioned by the presence of a 
trace of hydrogen in the gas : 2C0+2H 2 =C02+CH 4 . The reversibility of the 
reaction, and the equilibrium conditions have been previously discussed in connec- 
tion Tjith the action of oxygen on carbon. ,By using a catalytic mass of palladium 
deposited on activated charcoal or upon activated silicic acid, G. Fester and 
G. Brude found that the reaction 2C0=C-j-C02 occurs at moderate temp., 
thus, at 65°, one per cent, carbon dioxide was formed; at 110°, 11 per cent. ; and 
if the mixed gases were left in contact with the catalyst, 0*6 per cent, at 35 ; 
12 per cent, at 100° ; and 55 per cent, at 240 n . A little hydrogen was also derived 

from the moisture in the silica. . , 

According to K. G. Falk,* and M. Berthelot, mixtures of carbon monoxide and 
hydrogen do not show any inclination to react when inflamed ; and H. le Chatelier 
and 0 Boudouard found the inflammability of the mixture is such that if n and n 
respectively represent the lower limits of inflammability of carbon monoxide and 
hydrogen in air, and N and N' the limits for the gases separately mixed with *ir, 
then the relation n/N+n’/N^l holds approximately. M. Berthelot found that if 
sparks from an induction coil bo sent through a mixture of carbon monoxide and 
hydrogen, traces of acetylene are produced only when moist potassium hydroxide 
is present to absorb the moisture and carbon dioxide which are formed. B. C. Brodie 
found that when the mixed gases are sparked, the decrease in vol. is accompanied 
by tho formation of some methane, carbon dioxide, and small drops of a liquid, 
probably formic acid, H.CO.OH. M. Berthelot obtained ethane, and a condensation 
product, (C.H (1 0 3 )„. With the equal vols. of the mixed gases m an oeoniTtubo 
8. M. Losanitsch and M. Z. Jovitschitsch, and A. de Hemptmne observed jti 
formation of formic acid, H.CO.OH ; M. Berthelot the formation of carbohydrates 
«pnj_wTT — P pr O — jwHoO • and A. Slosse, and A. Nowak, and W. Lob, the 
formation of formaldehyde, H.CO.H, and methyl alcohol, CHsOH^W^ ^ ^served 
that some glycollic aldehyde is also formed. E Sarrau and I’.Jieille observe^d thyr 
reduction of carbon monoxide to methane in the presence of finely-djvided nickeh 
A. Gautier represented the formation of carbon dioxide in the reactyon by assuming 
* that water is first formed and that this reacts with the monoxide ito iformft« divide 
Hesaidthereduction begins at about 400°, and that, some: methane: 
a mixture of carbon monoxide and hydrogen is passed over finely-divided nickel at 

190°-200°, a reaction sets in, C0+3H 2 =CH 4 +H 2 0-j-511 operation* 

smoothly at 250°. The nickel is not appreciably influenced during the operation. 
At *2^f some carbon dioxide is also ilU Tta«d»Uoa ol 
bv hydrogen in the presence of finely- divided cobalt begms at 270 ana P ro ^f 
smootUyK‘ E P . F. Armstrong and T. P. Hjjditch found that tow«^3W , 
in 'the presence of nickel, one of the reactions is represented by the “X** 0 *} 
2C0+2H,=C0 2 +CH 4 . F. Fischer and co-workers stuped the formtaon of 
methane from ca*on monoxide and hydrogen in the^en^ 
amount formed is small under ordinary press., but at 40 atm. ^^33 6 per cent, ol 
methane and a little ethane were produced. The hydrogenation .cobalt is _ less 

marked than with nickel. With finely-dirt dpi platmmp, i t m^Sk 

is not formed below 400°. M. Mayer and co-workers noted that mimb methane m 
formed when nickel is the catqly»t,\nd but httfe when.iron a the catalyst.. At 
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indicated above, A Fester and G. Brude passed a mixture of hydroged and carbon 
monoxide over palladium deposited on activated charcoal.or silica, and found 161 per 
cent, of carbon dioxide a’t 100°. F. Orloff noted the formation of some ethylene, C 2 H 4 , 
when nickel or palladium is used as catalyst at 96 o -l00° ; but G. Fester and G. Brude 
could not confirm this. G. Fester, however, confirmed the observation that with 
nickel or palladized asbestos as catalyst, at 100°, unsaturated hydrocarbons and 
not methane are formed. The catalyst soon loses its activity. H. S. Elworthy 
and E. H. Williamson patented processes for converting water-gas— a mixture of 
carbon monoxide and hydrogen— into methane. D. Berthelot and H. Gaudechon 
found that in ultra-violet light, a mixture of carbon monoxide and hydrogen 
produces some formaldehyde. M. Mayer and Y. Altmayer found that carbon 
monoxide is reduced to methane by calcium hydride at 4G0°-600°. * 

Carbon monoxide is combustible and readily burns in air or oxygen, forcing 
carbon dioxide : 2C0+0 2 — 2C0 2 , so tljat, as J. L. Gay Lussac, 6 and B. Lppsius 
showed, two vols. of carbon monoxide unite with one vol. of oxygen to form two vols. 
of carbon dioxide. A mixture of the two gases is explosive. The flame of burning 
carbon monoxide is blue, and, according to J. W. Draper, the colour is the same 
when the gas burns in oxygen. According to M. Berthelot and G. Vieille, carbon 
monoxide burns more slowly than hydrogen or the fatty hydrocarbons ; and still 
more slowly in the presence of carbon dioxide. The carbon monoxide and oxygen 
unite when heated, when exposed to electric sparks, or, according to W. G. Mixter, 
and A. de Hemptinne, when the mixed gases are exposed to the silent electric 
discharge ; combination also occurs when the mixed gases are passed over finely 
divided platinum and some other metals. A. B. Ray and F. 0. Anderegg 
studied the oxidation of carbon monoxide during its passage, mixed with oxygen 
or air, through the silent discharge or over catalysts. F. Haber and F. Richardt 
found tha£ in the presence of heated palladium wire, the union of the two gases is 
complete at 300°. W. W. Hurst and E. K. Rideal studied the catalytic effect of 
copper and the promotor action when palladium is present. For catalytic actions, 
and the action of ultra-violet light, vide infra. S. Medsforth studied the catalytic 
action of ceria, thoria, beryllia, alumina, silica, zirconia, magnesia, the oxides of 
chromium, molybdenum, vanadium, and tin, and the metals copper, silver, and 
uicke\ L - j vide methane. R. T. Haslam considered that both the reactions usually 
represented : 2C0+0 2 =2C0 2 and 2H 2 -f 0 2 =2H 2 0, are trimolecular, and found 
the ratio of the velocity constants between 900° and 1500° ,to be ^/Aco—2‘86, 
meaning that the hydrogen burns 2' 86 times as fast as the carbon monoxide. It is 
supposed that the mechanism of the combustion of the individual gases alone is 
different from what it is when the gases are* burned in the presence of one 
another. W.,A. Whitehead and J. C. W. Frazer found that manganese oxide, and 
T. H. Rogers and co-workers, and D. R. Merrill and C. C. Scalione, mixtures 
of manganese oxide with silver or copper oxide, acting as catalysts in oxidizing 
carbon mpnoxide at ordinary temp. H. S. Taylor and H. A. Neville studied the 
effect of the carbonates of potassium, sodium, lithium, barium, and calcium, and 
of sodium chloride, l?orax, ferric oxide, sodium silicate, nickel, or copper — vide 
Action of carbon on carbon dioxide. K, W. Rosenmund and P. Langer studied 
the effect of the support on which the catalyst is deposited on the oxidation. 

H. B, Dixon found that X-rays didtnot inflame a dried mixture of carbon mon- 
oxide and oxygen. According tp M. Berthelot, carbon monoxide and oxygen do 
« not mite when exposed to sunlight. M. Potain and R. Drouin reported that 
when a mixture of carb&n monoxide with a large proportion of air is exposed to 
light, carbon dioxide is' slowly formed. The change is retarded apd limited by the 
presence of the dioxide. M. Berthelot believed that the experimental conditions 
must have been faulty because he observed no change in moist and dry mixtures 
of carbon monoxide and oxygen after pdVen years’ exposure. If the mixture be 
confined over a oono, soln. of potassium hydroxide for 15 months, the carbon 
aotyxide is converted into formate which is hbsor|>ed by the liquid, the oxygen, 
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however, ia ndt changed. and no carbonate is formed ; nor is any ammonium carbonate 
produced, if a mixture of <uirbon monoxide and aq. ammonia be used. Ultra-violet 
light brings about the union of carbon monoxide and oxygen ; and carbon dioxido 
is decomposed by that agency, so thrft the reaction CO-f 0^C0 2 is reversible. The 
reaction was studied by A. K. Sanyal and N. R. Dhar. 

The temperature of combustion of a mixture of carbon monoxide and oxygen 
was estimated by M. Berthelot to be 3600°, and with air in place of oxygen, 3CKH)° ; 

M. Berthelot and P. Vieillc gave for carbon monoxide with oxygen 2490°-3972° ; 
2351°-3745° with hydrogen and oxygen; and 2217°-2839° with nitric oxide and 
hydrogen. R. Bunsen gave 3033° for the maximum temp, of combustion of equal 
vok. of oxygen and carbon monoxide jn a closed vessel ; and E. Mallard and 
H. le Chatelier, 3200°, wh.en about 30 per cent, of the carbon dioxido is dissociated. 

H. Valerius gave 1430° for the temp, of combustion of carbon monoxide in air, 
and V, Geipert found the temp, of producer, gas burning in air to be 1569°, and 
F. Haber and H. J. Hodsman found the tern]), of tho flame of a theoretical mixture 
of oxygen and carbon monoxide to be 2600° ; K. G. Falk gave 2764°. F. Pollitzer 
made some observations on this subject. 

According to H. Davy, carbon monoxide is inflamed by contact with red-hot 
charcoal, or iron wire, or a heated platinum spiral. P. Sabatier and J. B. Sendercns 
observed that in contact with nickel, oxidation does not commence before 230° ; with 
iron, not before 330° ; and with platinum, not before 450°. L. Mond and (\ hanger 
noted that with nickel and cobalt at 350 o -450° a carbide and carbon dioxide are 
formed ; the carbide is decomposed by water vap. W. Henry noted that platinum 
foil slowly converts a mixture of carbon monoxide and oxygen (2:1) into carbon 
dioxide at ordinary temp. ; J. W. Dobereiner, and W. Henry noted that platinum 
sponge acts similarly when warmed ; and P. 1 >. Dulong and L. J. Thenard observed the 
action in the cold. P. J. vanKerckhoff noted that slow oxidation occurs with platinized 
asbestos at 5°--15 0 ; while pumice-stone, or porous earthenware actp very slowly at 
80°-90°. F. C. Phillips found palladized asbestos acts below a red heat ; A. Pleischl, 
and A. de la Rive and F. Marcet, platinized or palladized paper ash at ordinary 
temp. ; and E. D. Campbell, palladized cupric oxide, at 1O0°-1Q5°. H. B. Dixon 
found that a dried mixtureof carbon monoxide and oxygen does not explode in contact 
with a red-hot platinum wire ; and H. B. Dixon and H. F. Lowe found »a reR-hot 
platinum wire, freed from occluded hydrogen, glows intensely in the mixed gas<js, 
and completely oxidizes the carbon monoxide. According to A. F. Girvan, a silver 
or gold wire may be fused in the gases, dried by cooling to — 80°, without causing 
visible union of the mixture ; with an explosive mixture dried by cooling to —35°, 
a spiral of platinum wire at a red heat caused a quiet and feeble explosion ; with a * 
mixture dried by cooling between — 80° and — 180°, the platinum acted yatalytically, 
and glowed for several seconds, but there was no other sign of chemical action ; the 
coil was then heated white hot for a few minutes, and when cold, about onfe-eighth 
of the mixture was absorbed by a soln. of potassium hydroxide, the i^mainder 
represented the uncombined mixture. The catalytic oxidation of carbon monoxide 
was also studied by T. H. Rogers and fellow- workers, D. R. Merrill and C. C. Scalione, 

J. C. Clancy, etc. Tim carbon monoxide mixed with hydrogen is preferentially 
oxidized in the presence of *mixed oxides of iron, chromium, cerium, thorium, bismuth, 
etc., as shown by J. Harger and H. Terrey, E. K. Rideal and H. S. Taylor, and 
R. N. Pease and H. S. Taylor and co-workers, f A. B. Lamb and co-workers, 

R f? Tour, etc. J. A. Almquist and W. C. Bray studied the effect of cupri# and • 
manganese oxides; and W. A. Whitesell and J. O. W. Frazer, the effect of 
manganese dioxid|. I. Langmuir .discussed the hypothesis that the oxygen is 
condensed on the platinum, the carbon monoxide mols. strike the surface, and a 
certain fraction is condensed, forming carbon dioxide which distils off at a 

certain rate. • . . , , . . , . 

E. Mallard and H. le Chatelier found the ignition temperature of mixtures of 
carbon monoxide wither .and qxgyefl, and the results are shown in Table XVJII.* 

VOL. V. 
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A. Krause and Meyer found that the explosion temp, of a theoretical mixture 
of carbon monoxide and oxygen, confined in thin sealed^glass bulbs, to be between 

Table XVIII.— Ignition TemperatuIes*op Carbon Monoxide. 


Percentage composition. 


CO 

Oxygen. 

'Air. . 

CO,* 

Ignition temp 

86 

15 



630° to 650° 

70 • 

30 

— 

— 

646® to 650° 

30 

70 

i — 

1 — 

650* to 680° 

30 

— 

70 

1 — 

6$0°tOw657° 

36 

15 


60 

696° to 715° 4 

16 

1 

| 35. 

60 

715° to 725** 


518° and 606°; F. Freyer and V. Meyer gave 650°~730°; and V. Meyer and 
A. MUnch, 636°-814°. According to K. G. Falk, the lowest ignition temp, for a 
mixture 2C0+0 2 is 601°, and in the presence of an indifferent gas — nitrogen — the 
absolute temp, of ignition, T, becomes T=T'~ f 80(Vol. N/Vol. CO). H. B. Dixon and 
H. F. Coward gave 637°-658° or 650° for the ignition temp, of moist carbon monoxide 
in oxygen ; and in air, 644°-658° or 651°. W. M. Thornton made observations 
on the ignition of carbon monoxide under reduced press. 

According to A. Krause and V. Meyer, a considerable amount of carbon monoxide 
is oxidized at 448° ; and K. W. Charitschkoff found that purified carbon monoxide 
is oxidized at 290°. H. Holier passed a dry mixture (1 : 2) of oxygen and carbon 
monoxidy at a constant velocity through a porcelain tube packed with porcelain rods, 
and surrounde4 by an iron tube ; he found the following proportions of carbon 
dioxide were formed at different temp. : 

105 ° 302 ® 408 ® 500 ® 000 ° 080 ® 788 ° 855 ° 

Percent. CO, . , 013 - 044 3 03 6*2 21*14 46*30 60*3 65*0 

The admixture of nitrogen lowers the proportion of carbon dioxide which is formed, 
and the presence of carbon dioxide hinders the reaction. According to H. Kiihl, 
the velocity of the reaction at 570° appears to be somewhat irregular because, 
although the reaction in general appeared to be of the third order, the velocity 
varied according as one or the other of the gases was first introduced into the 
v reaction vessel, which was made of internally glazed porcelain. Thus the initial 
vdeteity when dry oxygen is added to moist carbon monoxide is ten times greater 
than tha| observed when moist carbon monoxide is added to dry oxygen, carbon 
dioxide «bbing originally present in both cases ; when carbon dioxide has not been 
previously introduced, the velocities in question are in the ratio 2:1. The initial 
velocity is in general retarded when carbon dioxide is originally present ; it is in the 
main independent of the oxygen concentration, but proportional to the first power 
of the carbon monoxide concentration ; it increases with the amount of water vap. 
present, although somewhat irregularly, hud to an extent, less than proportionality. 
Further, the initial velocity is ihcreasqjl when the reaction vessel has been previously 
exhausted. These observations agree. with the assumption that the seat of the 
reaction is on the surface of tho f containing vessel. According to M. Bodenstein and 
F. Ohlmer, the reaction 2C0-f-O2=2CO 2 is catalytically accelerated when it takes 
place in a vessel of quartz-glass. The rate of the change is adequately represented 
by the empirical formula dx/dt— k(m-\-a— %)j(n-\-b~x), where a and 6 are the initial 
concentrations of oxygen and carbon monoxide respectively, tn and n are constants. 
The chief feature of the investigation iscthe fact that carbon monoxide retards its 
own combustion in the ^urfrtz-glass vessel, so that the velocity of the reaction is 
t almost inversely proportional to the cone, tf carbon monoxide. This, therefore, 
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is to be regarded as a case of negative autocatalysis. This peculiarity is not observed 
when the reaction takes jlace in an ordinary glass vessel containing pieces of 
quartzite or rock crystal. With bpth these catalysts, the reaction velocity is directly 
proportional to the carbon monoxiae cone., and proportional also, although only 
roughly, to the square root of the oxygen cone. In all cases, the temp, cooff. (for . 
an interval of 10°) was between 1*4 and 1*8. K. G. Falk found the reaction to bo 
termolecular, but if an excess of carbon monoxide be present, the results do not 
follow the equation for such Reactions. 

E. Mallard and H. le Chatelier 0 found that there is a sudden and momentary 
rise in the press, during the explosive combustion of a mixture of carbon monoxide 
with air or oxygen, and give the following explanation of the phenomenon : 

The first portion of the mixture in exploding compresses the adjoining layer. If now 
the velocity of propagation of ignition is sufficiently rapid, this adjoining layer of the ex- 
plosivft mixture will be ignited before an equalization of press, can take place, and hence 
the press, due to this explosion will be superimposed on that derived from the first portion 
of the mixture. This will be repeated, the press, in oach succeeding wave becoming greater, 
and the momentary press, due to one of these explosive zones will be that registered by the 
piston. This hypothesis is supported by the fact that the excess of press, abovo the normal 
increases with the velocity of propagation of ignition of the mixture. 


M. Berthelot and P. Vieille found the press, at the moment of explosion to be 1012 
atm., with the mixture of carbon monoxide and oxygen, and 8 79 to 9 81 atm. with 
a mixture of these gases with hydrogen. The velocity of propagation of the flame 
was found by R. Bunsen to be less than a metre per sec. E. Mallard and H. lo 
Chatelier gave 2*2 metres per sec. H. B. Dixon gave for the velocity of the explosion 
wave in a mixture of carbon monoxide and oxygen sat. at 10° with water vap., ifi a 
tube 13 mm. diameter, the value 1500 metres per sec. The velocity varies with the 
proportion of moisture. Thus, at 760 mtn. press., with gas sat. at a temp. 6 , the 
velocity, V, of the explosion wave in metres per sec. with the mixture 2C0-f Do, 
increased to a maximum, and then diminished : 


Dried 

V . . 1264 1305 

K. Botsch showed that if the press, be sufficiently reduced, the propagation of the 
flame can be prevented in the dried or moist gas. L. Mcycj Iind E. Seubert found 
the gas burnt at press, as low as 219 mm. H. B. Dixon also found the velocity is 
diminished from 1676 to 1576 metres per see. by reducing the press, from 760 to 
400 mm. in a* gaseous mixture sat. with moisture at 10 . H. B. Dixon also photo- # 
graphed the front of the advancing explosion wave, and of the wave reflected in the 
opposite direction. H. B. Dixon, E. H. Strange, and E. Graham obsefveij that the 
explosion flame of a dried mixture of carbon monoxide and oxygen is longer than is 
the case with a* moist mixture. By using carbon monoxide from carbonyl h ulphido, 
E. J. Russell inferred that there is not “ a great difference between the behaviour 
of nascent carbon monoxide and that of the ordinary gas. 

M. Berthelot measured the speed of the explosion wave m fiiixtures of hydrogen, 
carbon monoxide, and oxygen; and H. B. Dixon and N. 8 Wails measured the 
effect of the substitution of hydrogen for carbon monoxide in the 2CO-f 0 2 mixture, 
and found for the rates of the explosion wave,T, 

7-5 • 0 

92*5 100 

2643 2810 

M. Berthelot mewured the initial speed of propagation of flame in mixtures of 
these three gases, and found that the speeds m mixtures 2(H 2 CO)+0, were greater 
than the arithmetical mean of the rates*.. 2H.+O s .and 2C0+0* mixtures, he 
concluded that the gases burnt separsfaly— the hydrogen burning first. . , 

W A Bone and W. A. Hawatd h^ve made t determinations of the time taken from 


Partially 

dried 


10 ° 

1076 


28° 

1713 


3f» c . 
1738 


45° 

1693 


65 ° 

1526 


71)° 

1260 


CO 


100 99*25 
0 0*75 

.1750 1764 


98*5 

92*5 

85 

62-5 

50 

25 

15 

1*6 

7*5 

15 

37*5 

50 

*75 

85 

1758 

1796 

1858 

2020 

2130 

2391 

2507 
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the moment of firing until the maximum press, is reached when explosive mixtures 
of hydrogen and carbon monoxide with air are fired in ajdosed bomb initially under 
atm. press. The interval between the spark and the maximum press, is much 
less in pure hydrogen than in the pure carboif monoxide detonating gas, and they 
compared the time-intervals when different quantities of hydrogen replace carbon 
monoxide with the times calculated on the assumption that each explosive mixture 
carries the flame in turn at its own fate over lengths proportional to the vol. of each 
present. The “ times ” so calculated are the sum of *the times taken by each ex- 
plosive constituent ; just as in a relay race the total time is the sum of the times 
taken by each runner over the distance he is set to run. The numbers so calculated 
in no way agree with the rates found for the mixed gases ; and they directed atten- 
tion to the great effect on the rate of combination when small quantities of hydrogen 
replace carbon monoxide in the explosive mixture, and, like M. 'Berthelot, they 
attributed this to the dominating influence of the hydrogen “ which catalyses the 
reaction.” Later, W. A. Bone and co-workers found that the comparative slowness 
at which the press, is developed in a mixture of carbon monoxide and air is not due 
to any inherent slow-burning property of carbon monoxide, and it is not much 
affected by the proportion of water vap. present in the system. When the nitrogen 
is wholly replaced by oxygen, carbon monoxide, or argon, the time required for the 
attainment of maximum press, is reduced from 018 sec. to 0 005, 0 010, and 0 025 
sec. respectively. Hence, it was inferred that in the presence of nitrogen and high 
press., a considerable part of the energy radiated by burning carbon monoxide, 
instead of being absorbed by the walls of the explosion chamber, is intercepted and 
adsorbed by the nitrogen present whereby the nitrogen becomes chemically activated. 
Tlte radiant energy so absorbed affected the maximum press, attained only when 
the conditions permitted a secondary oxidation of the activated nitrogen to nitric 
oxide. The radiant energy absorbed by the nitrogen is gradually liberated in a 
kinetic form after the attainment of the maximum press., as the activated nitrogen 
slowly reverts to the ordinary form. A. Payman and R. V. Wheeler found that for 
the slow initial uniform phase of combustion of gases ^hc rates for mixtures are the 
means of the individual maximum rates : thus, “if on a speed-per cent, graph the 
maxijna for any two gases taken singly are joined by a straight line, all the maxima 
for mixtures of these gases lie approximately on this line.” 

• H. Davy 7 noted’ tjiat a mixture must contain at least one vol. of oxygen to 
3 vols. of carbon monoxide to explode by the electric spark. The limits, said 
M. Berthclot, vary with the intensity of the spark, and even when the mixturo is 


non-explosive, the carbon monoxide is oxidized by the sparking. P! Eitner gave 

# * ^ for the upper and lower limits of explosive mixtures, 

♦ 75*1 and 16*4 per cent, of carbon monoxide; 

70 ss**— R Ferres, 73*5 and 16*1; and H. Bunto and 

*0 — J. Roszkowsky, 74*8 and 14*1. * E. Berl and 

* H. Fischer’s results are indicated in Fig. 37. In a 

^ _ glass globe 27 ram. diameter the limits were 15*4— 

$ 40 71*6 ; in a glass globe 18 mrii. diameter the limits 

^ J0 — - were 16‘0r66*5 ; in an iron .vessel at ordinary temp. 

^ ?0 -the limits were 15*8-63*8 \ at 100°, 14*05-69*6 ; at 

200°, 13*8-76*55 ; and at 300°, 14*10-75*6. The 
10 black portion represents oxidation without inflam-' 

&LJ LJ — L-^4 — 0 mation. H. F. Coward and F. Brinsley gave for 

0° 100 200 ^ 300> j QWer 22*5 per cent, carbon monoxide. 

Fig. 37.—- Explosion Limits Q f j R osz k ows j-y -found that the dilution of the ex- 
Carbon Monoxide an it. pi 08 i ve mixture of carbon monoxide and oxygen 
with an indifferent gas like carbon dioxide decreases the tendency to explosion, 
and this decrease is less the higher the^emp. This is probably due to the heat 
gqaerated by the combination of the two gase^ being largely used in raising the temp. 
* of the indifferent gas rather than in propagating^thecexploeion. E. Terres found that 
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the limits o i inflammability of carbon monoxide in air were 70 9 per cent. ; 
and in oxygen, 16*7—93*5 per cent. N. N. Beketoff found that sulphur dioxide or 
nitrous oxide had no influence, oi^ the explosion of a dried mixture of carbou 
monoxide and oxygen, but 10 per cent, of cyanogen causes the immediate explosion 
of the dried mixture on sparking. He suggests that the action of cyanogen may be 
explained on the assumption that the heat liberated in the decomposition of the 
cyanogen is added to the heat of combustion of .the carbon, and he further assumes 
that the dissociation temp, of the water mol: being lower than that of the oxygen mol. 
is the proper explanation of the fact that the presence of water in a mixture of carbon 
monoxide and oxygen assists the combustion of the latter gases. H. B. Dixon, 
however, showed that when a dried mixture of cyanogen, carbon monbxide. ami an 
excess of oxygen is exploded, much of the carbon monoxide escapes oxidation. 
Similar results * were obtained with carbon disulphide. G. Schlegel found that 
chlorine hinders or inhibits the combustion or explosion of a mixture of carbon 
monoxide and oxygen. H. B. Dixon and E. J. ltussell observed that with nascent 
oxygen, as when a mixture of carbon monoxide and chlorine dioxide is exploded, 
the drier the mixture, the greater the proportion of carbon monoxide which escapes 
oxidation ; the oxidation does not proceed any faster with oxygen in statu nasccndi. 
Similar results were obtained by E. J. Russell with chlorine monoxide. W. A. .Jones 
found that when carbon monoxide is led into a U-tube in which acidified water is 
undergoing electrolysis and is allowed to bubble directly against the electrode at 
which the oxygen is being evolved, no carbon dioxide is produced. Electrolytic 
oxygen, therefore, has not the power of oxidizing carbon monoxide. 

H. B. Dixon H discovered that an explosion is not propagated in a dried mixture 
of carbon monoxide and oxygen. The addition of a minute trace of water or 
of a volatile body containing hydrogen renders the mixture inflammable, thus, 
a dried mixture of carbon monoxide and oxygen explodes in the presence of 
traces of water, hydrogen sulphide, ethane, formic acid, ammonia, pentane, 
or hydrogen chloride — but not in the presence of gases or vapours free from 
hydrogen — e.g. sulphur dioxide, carbon dioxide, carbpn disulphide, nitrogen, 
cyanogen, carbon tetrachloride, etc. Hence, onhf steam , or bodies whim oan 
form steam under the conditions of the experiment, are capable of determine the 
explosion of carbon monoxide and oxygen ; other gaseous bodies not capable 
of forming steam have no action. When a long tube full of the dried mixture 
has moisture introduced at one end, and the gases are ignited there, the flame 
traverses the moist gases but dies out on reaching the dried gases. H. von 
Wartenberg find B. Sieg supported the hypothesis that the reaction between burning^ 
carbon monoxide is preceded by the formation of an unstable additive corupmmd. 
M. Traube also found that the flame of dry carbon monoxide burning in air is ex- 
tinguished if plunged into dry air. N. N. Beketoff found that while n. explosion 
occurs with the mixed gases dried by phosphorus pentoxide, the propagation of the 
flame is so slow that it can be followed by the eye when the gases have been dried by 
sulphuric acid, presumably because the latter desiccative leaves more moisture in 
the gas than the forfner. A. F. Girvan found that the tying of the gases by 
cooling will also preyenfc explosion. The-vap. press, of the moisture m gases dried 
at different temp is approximately # 


Vap. press, of water 


- 30 ° 

O’ ICO 


— 45 ° • 
0-052 


0-0$) 


001 


- 01 ° 

0008 


When the vap. press, of the water is less than about fri 03 np as is the case with 
the mixture aftertsooling at -50°, Hie gases will not explode. When the vap. press, 
is less than about 0- 16 nun., the explosion is very feeble. In the first case, the amount 
of water vap. present is about one part in twenty-four thousand by vol., and in the 
second, one part in five thousand. At -8i°, the amount of wstervap. wouldbe 
about one part in a hundred thousandLof gas. It vjould appear then that the mixture 
will not explode when spatked at % ordinary temp, if there is less than one me*, ot 
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water vap. to tw%nty-four thousand mols. of the gas. K. Botsch failed to confirm 
these observations, but H. B. Dixon showed that thq gases were probably in- 
adequately dried. L. Meyer found that if theses are sufficiently well dried, the 
mixture can be exploded only by a very powerful spark, and a tolerably large gas 
press, is employed ; while H. B. Dixon showed that with a dried mixture of the two 
gases, a spark between platinum wires 7 mm. apart produced no explosion, but a 
blue aureole appeared about the track of the spark. L. Meyer, and N. N. Beketoff 
found that the dried gases unite in the track of the sjtark ; and H. B. Dixon and 
H. F. Lowe showed that the amount of combination depends on the nature of the 
spark, a limit being reached when the rate of combination is equal to the rate of 
decomposition of the carbon dioxide formed. They also showed that the dried gases 
combine completely without flame, in contact with a platinum wire. C. Monte- 
martini observed that the corona effect in circuits traversed by continuous currents 
forms carbon dioxide and hydrogen from a mixture of carbon monoxide and water. 
A. Coehn and H. Tramm found that while a moist mixture of carbon monoxide and 
oxygen can be exploded by a spark at any press., a mixture, dried by a short exposure 
to the action of solid carbon dioxide and alcohol, cannot be exploded, but inflames and 
burns quietly, and that a mixture which has been cooled for a sufficient time cannot 
be inflamed ; a pale blue zone forms round the spark gap and slight combination is 
indicated by a small diminution of press. Exposure of mixtures belonging to the 
three types to the ultra-violet rays from a quartz mercury lamp leads to practically 
the same result in each case, combination occurring to the extent of 4-5 per cent, 
within an hour. It follows, therefore, that the presence of aq. vap. does not play 
a part in the union of carbon monoxide and oxygen under the influence of radiant 
energy — vide photo-decomposition of carbon dioxide. 

A. Smithells and E. Dent found that dry carbon monoxide proceeding from a 
half-burnt cyanogen flame will burn in dry air provided the two flames are close 
together, and N». N. Beketoff showed that an explosion of cyanogen and oxygen 
will cause the union of admixed carbon monoxide with the oxygen. F. Haber and 
J. E. Coates noted that some nitric oxide is formed during the combustion of carbon 
monoxide in air ; and A. Bach stated that if the flame of this gas is allowed to 
impinge on cold water, the water afterwards exhibits the peroxide reaction. Accord- 
ing to R. 'de Muynck, a mixture of oxygen and carbon monoxide is electrically 
conducting at the moment of the explosion ; he calculates that one ion is produced 
for every 200 million mols. of carbon dioxide which are formed. This result favours 
the view that the conducting power of the exploded mixture is to be attributed to the 
€ heat liberated in the change. The drying of the gas had no perceptible influence 
on "the effect. 

K. A. Hofmann and co-workers studied the oxidation of carbon monoxide at 
ordinary .tamp. It was found that on a surface of copper moistened with alkali-lye, 
carbon monoxide is slowly oxidized in open circuit, the electrolyte ultimately con- 
taining, in addition to carbonate, traces of formate but scarcely any oxalate ; the 
monoxide is gradually replaced by hydrogen, so that the reaction proceeds according 
to the scheme : CO>2KOH— K 2 CO 3 +H 0 . In the closed circuit, the hydrogen 
is oxidized to water by oxygen liberated at the opposite electro.de. Copper cannot, 
however, bring gaseous molecular hydrogen into a condition of electromotive 
activity, but can be very actively charged by nascent hydrogen, most simply by 
cathodic polarization. It was suggested that owing to the existence of subsidiary 
valences, carbon monoxide has the power to unite with alkali hydroxide in the 
presence of copper yielding small amounts of an isoformate, Cu . . . C(OH)(OK), 
which then combines with 'a further mol. of ‘the hydroxide to yield the alkali 
carbonate, whilst the hydrogen is liberated in the at. state at the copper. This 
conception is supported by the observation that active elements are not formed from 
copper, carbon monoxide, and water, or 60 m carbon monoxide and alkali hydroxide 
alope, but only from copper, alkali hydroxide, ,and carbon monoxide in conjunction. 
It ifrfurther found that hydrfted cupric oxide is,reduced by carbon monoxide in the 
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presence of alkali at an appreciable rate only if a certain amount df metallic copper 
is present. Again, the electromotive activity of carbon monoxide at a copper, and 
to a less degree at a platinum, su/fap is not immediately developed, whilst, in the 
absence of hydroxyl ions, carbon monoxide is not noticeably activated by copper. 
Cuprous oxide docs not play a part in the phenomena,. since it is found that hydrated 
cupric oxide is directly reduced in the presence of alkali to the metal, whilst the 
presence of a minute amount of oxygen diminishes the electromotive force of the 
system Cu-CO-alkali in a striking, if transitory, manner. F. Auerbach added that 
the calculated e.m.f. for the gas-cell 0 2 | CO, is smaller than for the oxidation 
2C0+0 2 ^2C0 2 . 

M. Berthelot 9 showed that when a mixture of carbon monoxide ahd oxygen is 
sparked, spme carbon suboxide, C 4 0 3 , is formed [q.v.). H. Fassbender found that 
when a mixture* of carbon monoxide and oxygen is exposed to the silent discharge, 
the rate of explosion is increased. This is attributed to the formation of ozone by 
the discharge, for, when a mixture of the two gases is exploded, a piece of potassium 
iodide and starch paper is coloured blue by the ozone formed in the explosion ; but 
H. B. Dixon did not detect any marked increase in the inflammability of a mixture 
of carbon monoxide and oxygen in the presence of ozone. 

H. Thiele, and S. Chadwick and co-workers found that ultra-violet light from 
a quartz mercury lamp oxidized carbon monoxide in the presence of oxygen when 
the mixed gases were dried with sulphuric acid, and with phosphorus pent oxide, 
and when the gases were sat. with moisture at 16°. The last-named found that 
with the dried gases, there was at first a slow contraction, the rate of contraction 
then gradually increased, attained a maximum, and then slowly decreased until the 
change became very slow. With the moist gas, the rate of contraction was umfcfm 
throughout the experiment at less than half the speed of Ihe maximum rate of 
the dried mixture. When the contraction had attained the same values t 


Carbon monoxide oxidized 
Oxygen ozonized 


H,S0 4 — dried Pj,0 5 ~drlod 

. 22-95 19*42 

. 3963 37-48 


Klolut 

53-2 per cent. 


It was assumed that the first action of the ultra-viblct light is to break up 'the 
oxygen mols. into atoms, the atoms of oxygen thus formed prefer to combine, with 
the mols. of carbon monoxide when the gases are moist hut witti oxygen ino s. 
the gases are dry. The rate of chemical change was not accelerated by tin prt aente 
of moisture, although the course of the reaction was determined by the hygroscopic 
condition of the mixture. AgainBt. the view that the accelerating action of water 
vapour on the reaction between a heated mixture of carbon monoxide and oxygen , 
,s due to the production of formic acid, H. Tramm sho, wee d that tmixtu, res of ox, tfen 
and formic acid do not explode while an eq. mixture of hydrogen, oxygen, and 

“tRrenSd MTsouthworth found that ozonized oxygen does not' oxidize 
carbonnionoxide in diffused daylight, in direct sunlight, or at 300 ; andh.Rern^n 
showed that the ozone does not oxidize carbon monoxide at the moment of its 
transformation into oxygen. On the other hand, W. A. Jonas found that oxygen, 
Stro Per cent of reone, slowly oxidizes carbon monoxide at ordinary temp, 
and mare rapidly at 250‘°. In general, the oxidizfhg power of ozone was found 
tovary'according to its cone, and temp. C* E Waters observed no oxidation a 
ordinary temp but at 240°-280°, some carbon divide was produced, the amount 
de^ndmg 6 ^ the cone . of the ozone. P. Clausmann said the oxida Jon o»m 
aepe g v, . rani( u v i n light. Moisture accelerates the reaction. 

j'bTd Boussfhgault noted that in the oxidation ’of moist phosphom. in the 
presents of air and carbon monoxide, some carbon dioxide is formed ;and 
nsiwn, and A. R. Leeds stated t*at when a — of air and carbon 
mnTinxide is Dassed over, moist phosphorus, •carbon dioxide is formed. . I. 
JoKe&to confirm tU observations^ W. A. Jon* fjndjg. 
^der these conditions sortie caAon,dioxide if always formed, and that the amount 
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varies with the Quantity oi phosphorus exposed and the rate at which the gas is 
passed over it. When, pure carbon monoxide is brought into contact with phos- 
phorus immersed in a soln. of hydrogen peroxide,, carbon dioxide is not produced, 
and it is therefore very improbable that the oxidation of carbon monoxide by air 
and moist phosphorus is due to the action of the phosphorus on hydrogen peroxide 
formed in the course of the experiment. I. Eemsen and E. H. Keiser said that the 
source of the carbon dioxide is the carbon in the phosphorus, but E. Baumann 
denied this. A. E. Leeds also showed that carbon dioxide is formed when organic 
matters are excluded. I. Eemsen 10 found that carbon monoxide is not oxidized 
when in contact with decomposing hydrogen dioxide. This statement was con- 
firmed by F. C. Phillips, W. A. Jones, and M. Traube. P. Waentig and 
0. Steche, and G. Senter investigated the effect of carbon monoxide on the 
catalytic decomposition of hydrogen dioxide by hoemase. ' • 

W. Henry 11 compared the action of the electric spark, heat, and of platinum 
sponge on mixtures of carbon monoxide, hydrogen, and oxygen, and found that 
the lower the temp., the greater the proportion of carbon dioxide produced. With 
a mixture of hydrogen, carbon monoxide, and oxygen in the proportions 1:2:1 
by vol., the oxidation in the presence of platinum sponge at 171° converted 
4 vols. of carbon monoxide per vol. of hydrogen ; at the softening temp, of glass, 
two-thirds vol. of carbon monoxide per vol. of hydrogen ; and with the electric 
spark, one-third vol. of carbon monoxide per vol. of hydrogen. E. von Meyer, and 

D. Tommasi found that the activity of the platinum is lowered in the presence of 
carbon monoxide. F. C. Phillips found that in the presence of hydrogen and 
oxygen, carbon monoxide is oxidized below 100° in contact with platinum sponge 
or palladium. M. Traube, and E. Baumann made observations on this subject. 
M. Traube found that. oxidation does not occur in the presence of zinc and water. 

E. Bunsen then studied the simultaneous oxidation of hydrogen and carbon 
monoxide. He. made a mal-inference, for he said that if a mixture of carbon 
monoxide and hydrogen gases be exploded with a quantity of oxygen not sufficient 
to oxidize the mixed gases completely, the oxygen will divide itself between the 
carbon monoxide and hydrogen not in proportion to their quantities present, but 
so th^t the quantities of carbon dioxide and water formed will stand in some simple 
ratio. Thus, on exploding a mixture of carbon monoxide and hydrogen, E. Bunsen 
found the ratio C0 2 1 . H 2 0:=2 : 1 ; and an increase in the quantity of hydrogen 
made no change in the value of the ratio until sufficient hydrogen had been added, 
when the ratio suddenly jumped to 1 : 1 ; similarly with further additions of hydrogen, 
^the ratio jumped to 1*: 2, then to 1 : 3, and then to 1 : 4. E. von Meyer confirmed 

E. * Bunsen’s observation that the proportions in which oxygen is distributed be- 
tween carbon monoxide and hydrogen alters per salturn but not in such simple 
proportion as E. Bunsen supposed, for E. von Meyer obtained ratios like 17 : 18 ; 
18 : 19 ; etc. A. Horstmann showed that E. Bunsen’s observations were vitiated 
by the condensation of steam on the walls of the containing vessel ; and also by the 
counter-reaction H 2 0-fC0v=*C0 2 -fH 2 . The change ,is gradual and does not 
proceed per salium ; the law of mass action is valid in its simple form : [H 2 0][C0] 
-tf[H 2 JC0 2 ], where the symbols in brackets represent concentrations, and K is 
the equilibrium constant. This conclusion was also verified by H. B. Dixon, who, 
in his study of the distribution of oxygen between carbon monoxide and hydrogen 
during explosion, showed that the equilibrium constant K is nearly AO. 

Tne decomposition qf water vap. by carbon monoxide in contact with a heated 
platinum wire, or by,, heating the mixed gases in a tube, was established by 
W, E. Grove, H. Buff and A. W. Hofmann, B. Verver, L, Maqu&me, J. Coquillon, 
etc. ( 1 . 9, 9). L. Maquenne observed the reaction between steam and carbon 
monoxide at 150° in the presence of platinum sponge. W, G. Mixter, A. de Hemp- 
tmne, and S, M. Losanitsch and M. Z. Jbvitschitsch found that carbon dioxide and 
forjnic acid are produced when carbon monoxjyde and water vap. are exposed in an 
bzonizer ; W. Lob found formtldehyde, formic aejid and carbon dioxide to be formed. 
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H. Thiele also noted the production of formic acid when a mixture of carbon mon- 
oxide and water vap. m a quartz bulb is exposed to ultra-violet light. A. Naumarm 
and C. Pistor reported that at 5f}0° steam and carbon monoxide do not react • at 
600 , two per cent, of the carbon monoxide is oxidized ; at 900°, 8 per cent. • and 
at 904 , 10*5 per cent. All the conditions which hinder the reaction between 
hydrogen and carbon dioxide, favour that between steam and carbon monoxide 
since such a change is exothermal, C0+H 2 0 gas =C0 2 +H 2 f 10 72 Cals., and the 
carbon dioxide is very stablest a high temp., while the steam is readily decomposed 
into hydrogen and oxygen, the latter of which can burn the carbon monoxide. 
L. Maquenne also inferred that carbon monoxide is a stronger reducing agent than 
hydrogen. L Lang said that carbon monoxide is not attacked by water vap. at 
600° ; C. t Engler and J . Grimm found that carbon monoxide free from oxygen 
does not react ‘with water vap. at 250°, but does react at 300°, forming carbon 
dioxide ; and C. Hoitsema found the velocity of the reaction CO f H 2 0^C0 2 f Il 2 
in either direction at ordinary temp, is practically ' zero ; the oxidation of 
the carbon monoxide by steam at 600° is measurable, but the reduction of carbon 
dioxide by hydrogen cannot be observed below 900°. A. Gautier studied the 
reversibility of the reaction at 1200° -1250°, and observed that traces of formic 
acid are also formed. H. B. Dixon, and 0. Hahn established the accuracy of the 
law of mass action for : by proving the constancy of K for 

[C0J[H 2 0]=#[C0 2 ][H 2 ]. 0. Hahn found at different temp. : 


780° 880° l )8C° 100.1" 1080" 1205" 1405° 

K . . . 0-81 119 1-54 108 1*95 2 10 2-49 

and he represented the results by log K 22267’ 0’ 0003909 T-f 2*4500 • 

C. N. Hinshelwood and co-workera studied the decomposition* of formic acid on glass, 
silver, and platinum surfaces. The consecutive reactions are H.COOH— HjCP-fUO, and 
H.COOH=CO (J +H a . On glass surfaces the two reactions proceed at about equal rates 
at 280°; on platinum and silver, the second reaction predominates; at about 180°, the 
second reaction predominates on silver ; and the first reaction on glass. H. St. C. Devillo 
and H. Debray studied the catalytic decomposition of formic acid by rhodium, iridium, and 
ruthenium ; and E. Muller, by rhodium and osmium. 

Other observations have been made on the reaction between steam and Carbon 
monoxide by H. Luggin, C. Harries, O. Boudouard, F. Polliteer, W. H. Engels, etc. 
According to F. Haber, log K~— 21702 T “ 1 -f-0 , 979 log T~- 0O0I0822’ }-0’0 6 1 7347 ,5J 
— 0*02858 and the thermal value of the reaction ^“—9916— l*943T-j-0 0()4945T 2 
— 0*0 S 15847T 3 cals. E. F. Armstrong and T. P. Hilditch found that copper is a more 
active catalyst than iron oxide between 200° and 300° ; the reaction with cpppei* 
commences at 220°, whereas iron oxide is only slightly active at 250% and does not 
reach full activity till 400°. At higher temp., iron oxide is the more act^tc catalyst 
on the reaction CO-b^Or^CCL+Hg. 

Several explanations of the catalytic effect of water on the oxidation* of carbon 
monoxide have been devised. H. B. Dixon showed that the dissociation of carbon 
dioxide at the temp, fct which carbon monoxide and oxygen combine would explain 
the inertness of a dry mixture of carborv monoxide and oxygen ; and he assumed 
that the carbon monoxide is directly oxidized by the steam : CO-FH 2 0— C0 2 -i-H 2 ; 
and that the liberated hydrogen recombifles with the oxygen to form 'steam: 
2 H+O 2 — 2H 2 0, and the cycle begins Anew, ifhe water vap. thus acts as a 
« carrier of oxygen to the carbon monoxide. M. Traube ajgucd that moist %arbon • 
monoxide does not furnish a trace of hydrogen and carbon dioxide when sparked 
for several hour% while hydrogen* reduces carbon dioxide at a white heat ; but 
H. B. Dixon, quoting his own and W. R. Grove’s experiments, showed that carbon 
monoxide can be directly oxidized by steam. M: Traube 12 suggested that the 
water mol. deliver their oxygen to the carW monoxide, and the remaining hydrogen 
unites with the free oxygen tq form hydrogen peroxide : Cf04-H 2 04-0 2 

=C0 2 -bH 2 0 2 ; the hyd»ogen per^rne then reacts ^ith .carbon monoxide to/orA 
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water, and carbon dioxide : C0-f-H20 2 =C0 2 -|-H20 ; the water then commences 
the cycle anew* D. I. Mendelfoff adopted a some what f similar explanation of the 
reaction.; but H. B. Dixon, and B. Wieland botfy oppose this interpretation of the 
mechanism of the reaction. H. Wieland assumes that formic acid is the first 
product of the reaction C0-f-H 2 0=H.C0.0H ; and that this then decomposes 
into carbon dioxide and hydrogen, H.C00H=C0 2 +B 2 ; while the hydrogen unites 
with the oxygen to form water, which then repeats the cycle of changes. H. E. Arm- 
strong assumed that two gases which are inert in a highly purified state are able to 
react when a conducting circuit is formed— e.g. carbon monoxide, conducting 
water, and oxygen : 


o h 2 o 

CO 


h 2 o 

0 h 2 o 

CO 


h 2 o 


Against this, it has been urged that when dry cyanogen is exploded with an excess 
of oxygen, or burnt in a flame separator, it furnishes carbon monoxide and nitrogen, 
the monoxide then burning to carbon dioxide in the absence of water. 

According to H. Moissan, 13 fluorine does not react in the cold with carbon 
monoxide. J. Davy found that dry chlorine does not act on dry carbon monoxide. 
The two gases unite slowly in daylight and rapidly in sunlight, forming carbonyl 
chloride, OOC1 2 (g.v.). J. Schiel prepared carbonyl bromide, COBr 2 , ( q.v .), by 
exposing to sunlight a mixture of bromine vap. and carbon monoxide. 
S. P. Cowardins said that carbonyl iodide , COI 2 , is not formed by heating a mixture 
of iodine and carbon monoxide, or by exposing the mixture to sunlight ; or by heat- 
ing carbon monoxide with arsenic pentaiodide, or lead iodide. S. M. Losanitsch and 
M.*5. Jovitschitsch exposed a mixture of carbon monoxide and hydrogen chloride 
to the silent electric discharge, and the resulting contraction indicated the possible 
formation,, of formyl chloride. K. Stammer found ammonium chloride is not 
altered by heating it in carbon monoxide ; nor is cupric chloride altered. For the 
action of carbon monoxide on cuprous chloride see the last-named salt. K. Stammer, 
and A. G. Bloxam found that silver chloride is not altered by heating it in a stream 
of carbon monoxide, but F. Gobel said that some reduction occurs. F. C. Phillips 
found that soln. of auric chloride are reduced at 0° and at 100° by carbon monoxide, 
forming brown gold and carbon dioxide. J. Donau prepared colloidal gold by this 
reducing agent. K. Stammer said lead chloride is not reduced, F. Gobel said that 
it is reduced when heated in a stream of carbon monoxide. A. G. Bloxam found 
that at a red heat no reduction occurs with the dry gas, but with the moist gas, 
some hydrogen chloride is formed. P. Schiitzenberger obtained addition compounds 
*of oai;]bon monoxide with platinous chloride {q.v.). These were studied by F. Mylius 
and F. Forster, W. Pullinger, etc, F. C. Phillips found soln. of platinic chloride are 
attacked 0° and at 100° with the formation of carbon dioxide. A lower chloride 
is slowly formed, and after a long time some platinum is deposited. ‘F. von Fodor, 
and F. C. Phillips showed that soln. of palladium dichloride are rapidly reduced by 
carbon monoxide: PdCl 2 -j-H 2 0+C0=Pd-f2HCl-f C0 2> and C. Winkler showed 
that by the aid of this Reaction 0 01 c.c. or 0 00001 25 grm. of carbon monoxide can 
be detected. The test was investigated by M. Potain and R. Drouin, F. Jean, 
L, M. Dennis and C. G. Edgar* etc. The reaction was utilized by J. Donau for 
preparing colloidal palladium. F. C. Phillips noted that rhodium chloride, RbCl s , 
is not reduced in the cold, but ittis slowly reduced at 100° ; and iridium chloride, 
IrCl*, is also slowly reduced by carbon monoxide. 

A. J. Balard found Ijhat carbonyl chloride was formed by the action of chlorine 
monoxide on carbon monoxide for a few hourtf. E. J. Russell found that when 
a mixture of an excess chlorine monoxide and carbon monoxide is sparked, 5-10 per 
cent, of the latter remains uftburnt, while with chlorine dioxide under similar 
conditions, H, B. Dixon and E. J. Russ&ll found that 50-70 per cent, remained 
unoxidized. A. J. Balard found that an aq. so\n. of hypoohlorotu acid has no effect 
on *<$rbon monoxide. F, C/Pbillips said that f calcium” hypobromite is also not 
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affected. A? Ditte found that carbon monoxide has no action, orf iodic acid* 
but if heated, carbon dioxide is formed and iodine is liberated. C. de la Harpe 
and F. Reverdin say the reaction occurs at 150° ; and A. Gautier, at 60°-70° ; and 
M. Nicloux represents it by 5C0-p2HI0 3 =5C0 2 -f H 2 0-fI 2 , and if iodine pent- 
oxide is used, A. Gautier gives l 2 0 5 -f 5CO— 5 CO 2 H-I 2 . The reaction is employed ip 
the determination of the amount of carbon monoxide in air and other gases. The 
quantitative determination of small amounts of carbon monoxide is based upon 
A. Ditte’s reaction: I 2 0 5 -|>-5C0=5C02-fl2, which is quantitatively complete 
between 60° and 70°, and enables carbon monoxide to be estimated in the presence 
of 20,000 times its vol. of air. Hence, if air is being investigated, it is first cleaned 
from the gases which react with iodine pentoxide by passage through tubos con- 
taining pota&ium hydroxide, and sulphuric acid; and then through a U-tubo 
containing'iodine pentoxide heated in a suitable bath. The liberated iodine passes 
on and may absorbed in a soln. of potassium iodide, and subsequently titrated 
with \ 0 N - sodium thiosulphate. The vol. of air aspirated over the hot iodine 
pentoxide is also measured. C. de la Harpe and F. Reverdin employed this method 
for detecting the gas ; and M. Nicloux used it quantitatively by estimating the 
liberated iodine colorimetrically in chloroform soln. A. Gautier measured the 
carbon dioxide evolved. The action of carbon monoxide on iodine pentoxido has 
been studied from the point of view of the analyst by A. Levy and A. 1 ecoul, 

A. Gautier and P. Clausinann, M. Pellet, J. L. R. Morgan and J. L. McWhorter, 

L. P. Kennicut and G. R. Sanford, B. Nowicki, etc. F. C. Phillips found that 
potassium iodate at 593° is not reduced by carbon monoxide. , 

C. Than 14 showed that carbonyl sulphide, COS, contaminated with much 
carbon monoxide, is formed when a mixture of carbon monoxide and sulphur v»p. 
is passed through.a heated tube ; or, according to G. Chevner, when the mixture 
is sparked. F. Gonzalez and E. Moles denied the latter statement. M. Berthelot 
found that slight traces of carbonyl selenide , and carbonyl tellunde rare formed when 
selenium and tellurium are similarly treated. Carbon monoxide does no reac 
with hydrogen sulphide, but S. M. Losanitsch and M. L. Jovitschitsch exposed a 
mixture of the two gases to the silent electrical <hscl,ar f ge amUound ^sulphur 
and formaldehyde are rapidly formed. CO+HoS-H.COB h > , X 

HC0H4-H 9 S=Ho 04- HCSH. M. Berthelot said that a trace of methanu is formed 
when a mixture of carbon monoxide and hydrogen sulphide acta on heated won. 
K. Stammer found that copper, lead, and iron sulphides are not changed by carbon 
monoxide. M. Berthelot noted the reduction of sulphur dioxide by carbon 
monoxide when the mixed gases are passed through a red-lmt tube , oV toat d 
with electric sparks : S0 2 +2C0-S+2C0 2 . W. Smith and W. B. Hart confirmed. 

th ‘ Tstemmer found that ammonium sulphate ie reduced to thc aulphite by 
heating it in an atm. of carbon monoxide. E. Jacquemin found that Potassium, 
sodium, magnesium, strontium and barium sulphates are decomposed w^en heated 
in anatimof carbon monoxide and steam forming hydrogen ‘sulphide 
dioxide; at a high temp., sulphur is formed; and l probablv the meta sulptede » 
an intermediate product of the reaction. According to Ki Stammer, A. Levol^ 
and M. Berthelot, fiotassium sulphate is reduced the sulphide . K 2 804+«A) 
— 4COo+KoS+16'6 Cals. ; and with sodium sulphate . Na^O.+aC * 

I N . IXn'fi Cals W Smith and W. B. Hart, anjJ K. Stammer observed no action 
^iliaodilim 0 sulphate below dull redness, but at a bright red heat, the salphite 
j fluitthi/ift ftr e formed K. Stammer noted the reduction of barium sulphate , 
tod K Stemm”riTi Herzfeld and K. Stiepel the reductidn of calcium aulphato. 
K Stemm^XiCported tL cupric sulphate, and silver aulphate are redueed to 
fhemetek; magnesium sulphate is not changed ; rinc mlpkte forms 
a luminium aulphato, alumina ; lead sullfcfte, lead and lead sulphide , manganese 
* SI manganese oxide and sulphide ; ferrous sulphate, ferrous Sulphide and 
ironTand barium selenate, bi^umWonate and selenium. 
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F. Briegleb ind A. Geuther 16 found that carbon monoxide reacts with heated 
magnesium jiitride, forming cyanogen, magnesia, and ^carbon. S. M. Losanitsch 
and M. JZ. Jovitschitsch, and D. Bert helot and H. Gaudechon found that under the 
influence of the silent electrical discharge, carbbn’monoxide and ammonia combine 
to produce formamide : CO-f NH 3 =CHO.NH 2 . A. Slosse under similar con- 
ditions obtained white crystals of a substance resembling carbamide. P. R. V. de 
Lambilly obtained ammonium formate by passing the mixed gases through a tube 
packed with pumice-stone or animal- charcoal at 80°-150°. H. Jackson and 
D. N. Laurie said that when heated in contact with platinum, or exposed to an 
electric discharge of high frequency, ammonium cyanate is formed, which rapidly 
changes to oarbamide ; some ammonium carbonate is also produced. M. Berthelot 
observed no formation of hydrocarbons when a mixture, of dry carton monoxide 
and ammonia is passed over copper filings or over sodium. E. J.' Mills, and 
R. L. Barr and co-workers said that, when a mixture of ammonia and carbon 
monoxide is passed several times over a heated mixture of potassium hydroxide 
and carbon, a potassium salt with 70 per cent, of cyanide is formed. M. Berthelot 
found an alcoholic soln. of ammonia absorbs no carbon monoxide at ordinary 
temp. J. T. Conroy obtained potassium cyanide by the action of carbon monoxide 
on potassium amide, KNH 2 ; F. Beilstein and A. Geuther obtained analogous 
results with sodium amide. W. Henry found that a mixture of carbon monoxide 
and nitrous oxide or nitric oxide is explosive, and carbon dioxide is formed ; 
nitrous oxide or nitric oxide was also found by S. Cook to be reduced by carbon 
monoxide in contact with platinum. W. G. Mixter found that some carbon 
monoxide is oxidized when a mixture of that gas and nitric oxide is subjected to 
the. silent discharge. At the moment of explosion, M. Berthelot and P. Vieille 
found a press, of 11*41 atm. is developed by a mixture of carbon monoxide and 
nitric oxije. C. W. Hasenbach found that carbon monoxide is oxidized at ordinary 
temp, by nitrogpn peroxide, at the same time a liquid, decomposable by water, is 
formed. K. Stammer found that cold or boiling nitric acid of sp. gr. 1*2 does not 
attack carbon monoxide, but F. C. Phillips found that with the fuming acid carbon 
dioxide is produced. A. Vogel said that carbon monoxide does not act on molten 
potassium nitrate ; K. Stammer stated that red-hot potassium nitrate and barium 
nitratb are reduced. F. C. Phillips found that an ammoniacal soln. of silver nitrate 
produces ammonium -nitrite and silver. M. Berthelot observed the reduction of 
an ammoniacal soln. of silver nitrate, and J. Habermann said that 05 per cent, by 
vol. of carbon monoxide produces a distinct brown coloration, but 01 per cent, 
gives no coloration. A. Gautier made some observations on ihe subject. 
r A.*I^. Leeds found that when carbon monoxide and air are allowed to stand in 
contact with, moist phosphorus, some carbon dioxide is formed — vide action of 
ozone. Carbon monoxide does not react with phosphine. T. E. Thorpe and 
A. E.'H* Tutton found that phosphorus tetroxide does not react with carbon 
monoxide^ at ordinary temp, or when heated. K. Stammer found that lead, iron, 
and copper phosphates are not altered when heated in carbon monoxide. F. Schlag- 
denhauffen and M. PJagel found that arsenic trioxide or pentoxide or antimony 
trioxide or pentoxide is not reduced at lhp° or 300°, but I. ,W. Fay and co-workers 
said that reduction occurs at fiO°. Carbon monoxide does not react with arsine. 

K. Stammer found that sodium arsenate or antimonate furnishes arsenic or 
antimony, respectively, when heated in carbon monoxide. A. W. Hofmann, and 
A. M.«Butleroft obtained carbonyl chloride by heating antimony pentachloride 
with carbon monoxide ^ SbCl&-bC 0 =C 0 Cl 2 -f Sbd 8 . 

According to H. M^ssan,* 6 at 1200°, amorphous boron reduce%carbon monoxide 
to carbon. M. Foix. found that when the diamond is heated above 1100° 
in an atm. of carbon dioxide, the reaction COg-f-GF^CO does not occur in 
the time available, but amorphous carbon is deposited on the diamond, which 
itself is not changed. A. Frank found that calcium carbide at 200°-250° reacts * 
with,, carbon monoxide, forming barbon and 'calcium oxide. 1 A. T. Larson and 
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C. S. Teitswdrth studied the absorption of carbon mouoxide by ajnnfoniacal soln. 
of CUproUS carbonate and formate ; and they measured the partial press, of carbon 
monoxide in contact with these soln. According to M. Berthelot, carbon monoxide 
and methane give propylene ; W. idling said acetylene and water are formed : 
( 3 jj 4 _!_C 0 ==H 2 0 +C 2 H 2 ; but F. C. Phillips could not verify this statement.. 

S. M. Losanitsch and M. Z. Jovitschitsch found that with the silent discharge, 
acetaldehyde is formed, C04-CH 4 ==CH 3 .C0H, a conclusion in agreement with that 
of A. de Hemptinne. E. Sarrau and P. Vieille studied the equilibrium conditions 
between a mixture of carbon monoxide, methane, hydrogen, and nitrogen. 

A. de Hemptinne formed some aldehyde and what was thought to be acetone by 
the action of the silent discharge on a mixture of carbon monoxide and ethane : 

0 H 4- CO — (5 3 H 6 0 . S. M. Losanitsch found that with the silent discharge, ethylene 
and carboA monoxide furnish a substance, (C^H^CO, soluble in ether, and an in- 
soluble substance ; and with acetylene, ther$ is formed a yellowish-brown substance 
which rapidlv absorbs oxygen. A. Frank represented the action of carbon monoxide 
on acetylenc'by C 2 H 2 +C0=3C+H 2 0 ; and H. In Chatelier and 0. Boudouard found 
the inflammability of the mixed gases is similar to that of mixtures of carbon 
monoxide and hydrogen (q.v.). E. Frankland found a mixture of carbon monoxide 
and carbon dusflphide inflames at 210°. M. Berthelot, and 8. M. Losanitsch and 
M Z Jovitschitsch obtained carbonyl sulphide by the action of the silent discharge 
on the mixed gases. P. Schiitzenberger found that when a mixture <'f<^oii 
monoxide and carbon tetrachloride is passed over , ir,i ’ 

carbonyl chloride and tetrachloroethylene arc formed : 2G( n *' 

K. Stammer said that potassium carbonate is not altered when heated in carho 
monoxide but potassium oxalate furnishes carbon, carbon dioxide, and pota jj 
carbonate’ E. Carstanjen and A. Schcrtel found that carbon monoxide does no 
react with cyanogen in direct sunlight. C. Bott inger found that, carbon monoxide w 
copiously absorbed by liquid hydrogen cyanide, but is not miscible with cone, hydro 
chloric acid On removing the product from the freezing-mixture, carbon monoxide 
was Evolved in a regular stream. * On gently warming, the gas 
and ultimately the liquids mix, when the evolutiqn of g [as 1 btec 
According to E. Carstanjen and A. Schcrtel, no cnrl ’“' 1 >’ , f > an ” i ( 1 " P p hiUip ,lfound 
carbon monoxide is passed over heated mercuric «ramde. F. 0 
that potassium terricyanide has no action on carbon mo **/•.., car bonyl 
obtained a trace of potassium cyanide and l Swrium tWocyanate. The 
sulphide— by passing carbon monoxide studied." 

S^ltoida. aL» » 

is adsorbed ly .^tinized 

asbestos. „ in discussed in connection 

290°-310°, sodium ondo reacts with ^"at fus^l sodium hydroxide give? 
and sodium , and F. Hab -Boswell and J. V. Dickson found that 

»*» — . - 

i.e. essentially * absorption at 

removal .1 ra.ll mratiM ol “*»’ “““f ’T * 5 c0 ’ ». Bibelot 

*• — > •** 
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methyl or e&yk alcohol in place of water the reaction is 10-15 times as fastr— with 
ethyl* alcohol, a little propionic acid is formed ; with amyl alcohol the action is 
about fyilf as fast as with methyl or ethyl alcohol ; with glycerol the action is slower 
than with water ; with ether the absorption igftaster than with any other substance 
tried ; and with methyl or ethyl nitrate, the reaction is faster than with water. 
According to A. Geuther, and Y. Merz and J. Tibirica, the formation of salts of formic 
acid by the action of carbon monoxide on alkali hydroxides takes place at about 200°, 
but the temp, should not exceed' 220°- since sodium ‘formate is then decomposed 
into carbonate and hydrogen ; with potassium formate the temp, of decomposition 
is lower than 220°. The gas should be moist ; and in order to saturate the alkali 
completely it is best to use soda-lime. The commercial production of formates by 
these reactions has been exploited. By working under press, and witn a mixture of 
sodium carbonate and calcium hydroxide the Farbwerk vorm. Meister, Lucjus, 
und Briining prepared sodium formate : Na 2 C0 3 4-Ca(0H) 2 -f 2CO=2HCOONa 
-f CaC0 3 . F. 0. Phillips said that calcium hydroxide alone does not absorb carbon 
monoxide. W. H. Engels studied the production of hydrogen by the action of 
carbon monoxide on calcium hydroxide at 500°. The main reaction is represented : 
Ca(OH) 2 -f C0=CaC0 3 -f H 2 ; and the side reaction : CO-f H 2 0=C0 2 -f H 2 . The 
presence of iron accelerates the reaction tenfold. M. Berthelot found that the 
absorption by calcium oxide in the presence of alcohol is not more energetic 
than by an aq. soln. of potassium hydroxide. The last-named also studied the 
absorption of carbon monoxide by barium oxide in the presence of alcohol or 
ether. 

G. Bodlander 20 discussed the theory of the reduction of metal oxides by carbon 
monoxide — vide the respective oxides. I. W. Fay and co-workers compared the 
reducing action of carbon monoxide, hydrogen, ammonia, and methane : 



Au 3 o 3 

ARjO 

H« a () 

HgO (red) 

PhC) 

CuO 

CiijO 

CoO 

ZnO 

CO . 

. f . <0° 

0° 

0° 

90° 

160° 

75° 

— 

140° 

170° 

Hj . 

. <0° 

0° 

80° 

115° 

190° 

125° 

— 

— 

— 

nh 3 

— 

67° 

167° 

299° 

225° 

208° 

— 

233° 

ch 4 

- 

„ — 

220° 

205° 

210° 

280° 

230° 

— 

156° 


For yellow mercuric oxide with carbon monoxide and hydrogen the numbers are 
respectively <0° and-'50° ; for lead dioxide, 110° and 150° ; for red lead, 150° and 
170°. In many cases the carbon monoxide is burned preferentially before the 
hydrogen, as shown by E. D. Campbell, C. R. A. Wright and A. P. Luff, I. W. Fay 
and co-workers, etc. A. F. Benton considered the mechanism of the reduction 
•involves adsorption of the gas, isomeric change, and evaporation of the gaseous 
product of the reaction from the surface of tho oxide. A. dc Hemptinne studied 
the reduC\ng action of the electric discharge on metal oxides in the presence of 
carbon monoxide. H. Quantin studied the joint action of carbon monoxide and 
chlorine an some metal oxides. The reduction of cuprous oxide by carbon monoxide 
has been studied by F. Schlagdenhauffen and M. Pagel, $nd by C. R. A. Wright and 
A. P. Luff ; that of cyipric oxide by K. Stammer, A. de Hemptinne, I. L. Bell, and 
C. R. A. Wright and co- workers — vide the .respective oxides. . TJie reduction of silver 
Oxide by carbon monoxide has* been studied by F. Schlagdenhauffen and M. Pagel, 
and At Gautier — vide infra . The latter showed that with moist silver oxide a 
basic carbonate is formed : 3AgcO-f C0'=Ag 2 0.Ag2C0 3 -f2Ag. H. Dejust gave for 
the htfct of the reaction $t ordinary temp. : CO-f Ag 2 0=2Ag-f C0 2 -f 6P2 Cals. For 
mercuric oxide, vide infra. *K. Stammer found that carbon monoxide does not 
reduce xine oxide. F. J. Brislie studied the reduction of cadmium oxide and of 
bismuth oxide by carbon monoxide. F. C. Phillips found that a soln. of cerium 
dioxide in sulphuric acid is not reduced by carbon monoxide. The reduction of 
lead oxide has been discussed by C. R. A.SVright and A. P. Luff, A. de Hemptinne, 
and F. J. Brislie ; tin oxide, by K. Stammer, aqd F. Schlagdenhauffen and M. Pagel ; 
tadpganeee oxide, by I. L. Bell, K. Stammer, C f R*A. Wright and A. P. Luff, and 
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O. Charpy ; Chromic oxide, by G. Charpy, F. C. Phillips, A. Gautie$, afld F. Schlag- 
denbauffen and M. Pagel. According to K. A. Hofmann, carboy monoxide is 
oxidized by a soln. of chrbmic acid to which mercuric oxide has been added as 
catalyst — vide supra. The oxida'tidn is then sufficiently rapid to remove carbon 
monoxide from air and other gases with sufficient rapidity for analytical and hygienic 
purposes. The reduction of molybdenum oxide by carbon monoxide was observed 
by F. Schlagdenhauffen and M. Pagel ; iron oxide, by W. Miiller, 0. Boudouard, 

E. Baur and F. Glassner, B#Osann, L. Gruner,'A. de Hemptinne, A. Gautier and 

P. Clausman, J. Braithwaite, G. Charpy, I. L. Bell, etc. G. Chaudron found that 
below 580°, the reaction is Feg0 4 4-4C0r^4C0 2 -|- 3Fe ; above 580°, there are two 
equilibria: Fe30 4 +C0^3Fe0+C0 2 ; and Fe04-C0^Fe-pC0 2 ; and all three 
solid phases are in equilibrium at 580° ; ferrous oxide is unstable below 580°, 
reacting 4FeCMFe30 4 -f-Fe— vide iron oxides. The action of carbon monoxide on 
nickel oxide has been studied by I. L. Bell, C. R. A. Wright and A. P. Luff, 

0. Boudouard, etc. ; on cobalt oxide, by C. R. A. Wright and A. P. Luff, I. L. Bell, 
and 0. Boudouard ; and on osmium tetroxide, by F. C. Phillips. 0. Boudouard 
found that soln. of potassium ruthenate are rapidly reduced by carbon monoxide. 

K. Stammer found that potassium chromate is reduced by carbon monoxide, 
forming chromic oxide and potassium carbonate : while lead chromate furnishes 
lead and chromic oxides. F. C. Phillips found that neutral, acid, and alkalmo 
soln. of potassium permanganate are easily reduced by carbon monoxide. V. Meyer 
and M. von Recklinghausen, H. Hirtz and V. Moyer, and C. Engler and W. Wild 
made observations on this subject. A. Mermct found that a soln. of potassium 
permanganate, acidified with nitric acid, and mixed with silver nitrate, is decolorized 

by carbon monoxide. • 

The physiological action of carbon monoxide. — The toxic nature of the fumes 
from burning charcoal was commented upon by F. HofiWnn 21 in an essay : 
Grundliches bedenhen von dem schadlichen Dampfedcr Holzkohen (1719), and H, Havy, 
and F CMment and J. B. Desormes showed that when mixed with one-fourth its 
bulk of air and inspired, carbon monoxide immediately produces giddiness am 
fainting fits. In acute poisoning there is a preliminary period of excitation followed 
by a sensation of heaviness, dizziness, noises in the ear accelerated cardiac and 
respiratory movements, oppression on the chest, and maybe nausea and .von ft ting , 
there is also muscular weakness, drowsiness, loss of sensation, coma, and convul- 
sions which precede death. The earlier symptoms of slow chronic po’soning are 
headache, neuralgic pains, anaemia, loss of flesh, and a sensation 
developed by incommensurate exertion. According to L. Hill, and t. *® Neve 
Foster and J. S. Haldane, when the blood is 20 per cent. sat. with carbon 11 
there occurs dizziness and shortness of breath on exertion; the symptoms arc 
aggravated by increasing the cone, of the gas ; at oO per cent. ,*at-, it is 
scarcely possible to stand and the slightest exertion causes a tomporary loss of 
consciousness. Exertion, by using up the oxygen m the muscles, Mens tho 
failure of the heart's action; and with those rescued from death, degenerative 
changes may set in- and 'a lasting weakness of the hcarj be prod«“d g Any 
quantity above O' 14 per cent, of carbon, monoxide in the air is dangerous , and 

i r 

fireplaces stoves, etc., and is exhaled from the jjarious chimneys of a large city 
inToMWerable vol. A smoky chimney or a defective flue may introduce earbon 
monoxide into the living rooms. The fumes from slaw combustion stoves or fire- 
places with a restricted^xit contain carbon monoxide. The fumes evolved from 
Wutog charcoal or coke in a closed room are toxic m virtue <?f the contained carbon 
monoxfde. The poisonous nature of these fumes has been utilized particulari s m 
France and Germany, as a method of suicide, on accqunt of 
ness of the death ; and also as an instrument of murder. The products of com- 
bustion of coal gas may jmder.certJin conditions contain much oarbon monoid* 
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T. E. Thorjfe, for example, showed that an ordinary Bunsen burner, heating a 
sand tray, evolves 0022 c. ft. of carbon monoxide per hour. The gas burners 
employed to beat large masses of cold water in bath-roOms are a source of danger 
unless provision be made for abundant ventilation. Coal gas contains carbon 
monoxide, and poisoning by coal gas is practically poisoning by carbon monoxide. 
Employees in works where water gas or producer gas is made incur the risk of both 
acute and chronic carbon monoxide poisoning. Water gas, used as a substitute for, 
and as an adjunct to, coal gas contains ,up to 40 per c^nt. of carbon monoxide, and 
its poisonous qualities are still more dangerous owing to the absence of a charac- 
teristic odour. The slightest leak in the household gas fittings— and few are perfect 
—is an insidjous source of chronic poisoning. 

J. S. Haldane showed that the toxic action of carbon monoxide is directly due to 
its combining with the haemoglobin of the blood to form carboxyhcBmoglobin 22 which 
interferes with the activity of the haemoglobin in forming oxyhaemoglobiq, *and 
acting as a carrier of oxygen. He found that (i) when animals were placed in 
oxygen at 2 atm. press., the blood dissolves enough oxygen to render the animal 
independent of the red corpuscles ; carbon monoxide at one atm. press, was then 
added but no toxic effects were observed ; and that (ii) animals with no haemoglobin 
were not affected when placed in an atm. containing 75 per cent, carbon monoxide 
and 25 per cent, oxygen. The carboxyhaemoglobin is more stable than oxyhaemo- 
globin and is more slowly decomposed and eliminated. According to N. Grehant, 
if air with 0 07-0 12 per cent, of carbon monoxide be breathed for half an hour, one- 
fourth part of the haemoglobin in the blood is put out of action as a carrier of oxygen, 
owing to the formation of carboxyhaemoglobin. According to L. Hill, if blood be 
shaken with 007 per cent, of carbon monoxide, and 21 per cent, of oxygen, the two 
gases will be shared equally with the haemoglobin so that carbon jnonoxide has 200 
times more affinity fbr haemoglobin than oxygen. According to P. Spica and 
G. P. Menegazzi, subcutaneous injections of hydrogen dioxide can convert carboxv- 
haomoglobin into carbon dioxide, etc. 

The blood in the case of death from asphyxia is dark in colour ; in the case 
of carbon monoxide poisoning it is bright florid red. P. A. Piorry noticed that the 
blood— living or dead— is coloured a bright red by the action of carbon monoxide. 
This is dun to the formation of carboxyhaemoglobin, which retains its colour under 
conditions where oxyhaemoglobin would lose its oxygen and assume the dark 
appearance of reduced 'haemoglobin. The spectra of haemoglobin, oxyhaemoglobin, 
and carboxyhaemoglobin by J. Formanek are shown in Fig. 38 ; that of oxyhaemo- 



Fio. 38. — Absorption 'Bands, in the Spectra of Ha&moglobin (1), Oxyfc*emogfl>bin (2), 
and Carboxyhamoglobin (3). 

globin is characteristic of flesh blood diluted with water. There are here two bands : 
th* one near 'the sodium line Is well-defihed with a head of wave-length 5781 ; the 
qjthcr, less well-defined, is in the green, and hau a head of # wave-length 5417, The 
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appreciable only when the two spectA are compared Bide by side. RHiirtridgc has 
developed a method of estimating the magnitude of the displacement bv the mover 
ment on a micrometer required to bring one of the two bands of the carboxyhsemo- 
globin spectrum coincident with the corresponding band of the oxy haemoglobin 
spectrum. When ammonium sulphide is added to the dil. blood soln., the absorption 
bands of carboxyhaemoglobin remain unaltered, while those of oxyluemoglobin are 
merged mto one broad band. Since in the case of carbon monoxide poisoning death 
ensues before pH the haemoglobin has been converted into carboxyhannoglobin, the 
spectrum does not necessarily remain unchanged on the addition of ammonium 
sulphide , but the two persistent bands of carboxyhaemoglobin may be superposed 
on the*broad band of the reduced haemoglobin. ' ' 

Carbon monoxide, according to G. Senter , 23 has no effect on the action of ferments, 
although G. Bredig showed that it retards the catalytic activity of colloidal platinum! 
W. B. Bottomley and H. Jackson, A. Marcacci, L. Just, and G. Linossier have 
discussed the effect of carbon monoxide on plants, and on the germination of seeds. 

The methods of detecting and measuring small amounts of carbon monoxide in 
a gas can be divided into two classes : (1) those in which carbon monoxyhannoglobin 
is formed ; and (2) those in which it is oxidized to carbon dioxide. The methods * 
employed in the first class are virtually all modifications of F. Hoppe-Seyler’s 
method 24 which is based on the fact • that both carbon mouoxyhumioglobin 
formed by the action of carbon monoxide on arterial blood, and oxyhemoglobin give 
distinct absorption spectral bands — vide supra. Of the oxidation methods, theme 
employing iodine pentoxide is well suited for the work— vide supra. The reducing 
action of carbon monoxide on mercuric or silver oxide at 60° has been recoip mended 
for the quantitative determination of this gas: Ag 2 0-|-C0=FC0 2 -|-Ag, by 
V. Nesmjeloff, L. Moser and 0. Schmid, F. Schlagdenhauffen and M. Bagel, and 
E. Glaser. Other reactions utilized in the determination of carbon monoxide have 
been previously discussed ; they involve the absorption of the gas by an animoniaoal 
soln. of silver hydroxide: Ag 2 0+C0--C0 2 -f-Ag, or by an ammoniacal or 
hydrochloric acid soln. of cuprous chloride ; and the effect .of tin? gas on 
palladious chloride. The gas can also be estimated by oxidizing it wijth 
palladized asbestos and air, or cupric oxide at 250° und*er conditions 26 which 
do not affect methane. A. B. Lamb and co-workers discussed the preferential 
combustion (5f carbon monoxide in the presence of hydrogen when hopcalite — i.e. 
a mixture of metallic oxides, say, 60 per cent, of manganese dioxide, and 4Q per * 
cent, of cupric oxide — is used as catalyst at ordinary temp. Hydrogen is not 
affected. * 
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• , § 27. The Metal Carbonyls 

E. Muller 1 has discussed the amphoteric nature of tjie carbonyl radicle. Some 
metals unite with carbon monoxide, forming a series of carbonyls. Most of these sub- 
ctaipces are volatile. They differ considerably in their physical properties, but they are 
very similar in their chemical properties. Thus, all these carbonyls have very similar 
chemical properties - for instance, when heated, they all decompose into carbon mon- 
oxide and the metal, which is deposited in the form of a bright metallic mirror. They 
arc not attacked by non-oxidizing acids, but are quickly dissolved by oxidizing acids, 
and specially by aq, soln. of the halogens, with the evolution of carbon monoxide. 
At least one of the carbonyls of each metal is volatile without decomposition, and 
can be purified by distillation or sublimation* They are all more or less soluble in 
the usual organic solvents, such t^s ether, ethyl alcohol, benzene, dils, etc., and are all 
insoluble in water. r 

J. L. Gay Lussac and L. J. Thenard showed that when potassium or sodium is 
heatedio redness in carbon monoxide, the gas inflames furnishing the metal oxide and 
carbon. At alowtemp., G.‘B. HJCtihnemann found that thecarbon monoxide absorbed 
by potassium is decomposed, and at a temp, below, redness, there is formed potassium 
oxide, and a black product which furnishes potassium rhodizonate when treated with 
water.. The .early chemists noted the formation of a compound of carbon monoxide 
and potassium during the preparation of this element by the reduction of potassium 
compounds with carbon. They referred* to it as " croconaceous ” matter. Thus, 
A* Pleischl said that when the croconaceous matter has attracted a little moisture 

» a • ^ * 
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from the air'there is formed a product which sometimes explodes sdbntanoously • 
and, after any contaminating potassium has been distilled from it/ it furnishes 
potassium rhodizonate or droconate. According to J. von hiebig, and J. F. Heller 
i t 7 emp ‘ ]?°J^ en P ot ^ 8siubl Absorbs carbon monoxide and forma ’the ao- 
caUed Kohlenoxydkahum, and, added B. C. Brodie, at about 80% potassium unites 
with carbon monoxide, forming an aggregate of crystals with a composition approxi- 
mating K 2 CU ; at a lower temp., darbon monoxide is given off and the dark red 
product with the composition KCO is probably’ a mixture of potassium oxido and 
rhodixonate ; J. U. Iierch said that moisture is probably necessary for tho formation 
of the red product. C. Winkler noted the formation of the explosive compound of 
potassium and carbon monoxide when a mol of potassium carbonate arjd two gram- 
atoms of magnesium po.wder are heated together. R. Nietzki and T. Bonckiser 
regard th£ potassium carbonyl, KgCgOg, formed by the action of carbon monoxido 
on potassium, to be the potassium derivative of hexahydroxybenzene, (%(OH)g. 
They say that this compound is not explosive, but becomes so on keeping. When 
treated with dil. alcohol, potassium dioxycarboxylate, C fl (0K) 4 0 2 , is formed. 
J . U. Lerch also studied the products obtained from potassium carbonyl According 
to A. Joannis, when purified and dry carbon monoxide is passed into a soln. of potass- 
ammonium in liquefied ammonia at about —50°, the blue colour gradually becomes 
weaker, and at last changes to pink. At this point the reaction is complete, and if 
the ammonia is allowed to evaporate, the compound potassium C&rbonyi, KeGgOg, 
is obtained as a pale, rose-coloured powder which detonates in contact with "air or 
water, or when heated to 100°. If, however, it is allowed to come in contact with 
water vap. in a vacuum, it deliquesces and forms a yellow soln. The corresponding 
sodium carbonyl, Na 2 C 2 0 2 , is obtained in a similar manner as a white powder with a 
lilac tint. It detonates at 90° in vacuo, or when brought in contact with air or water, 
but deliquesces quietly in contact with water vap. in a vacuu/n. When it detonates, 
very little gas is evolved, and a small quantity of sodium cyanide is fdVmcd, but 
the principal reaction is represented by the equation 2Na 2 C 2 0 2 —Na 2 t 1 0 3 -f Na 2 0 {-30. 
When detonation takes place in the presence of water, the small quantity of gas 
evolved contains 86 per cent, of hydrogen and 14 per cent, of carbon monoxido. 

The action of carbon monoxide on copper has been discussed in connection with 
the metal (3. 21, 13). L. Mond 2 and co-workers did not succeed in prepajing-copper 
carbonyl. According to G. Bertrand, if carbon dioxide fie passed over heated 
cupric oxide, no unusual effect is observed, but if the gas be first passed over fed- 
hot carbon, a mirror-like deposit of copper is produced, presumably owing to the 
intermediate formation of copper carbonyl ; but E. Mond and C. Heberlein could 
find no evidence of the existence of this carbonyl. N. D. Zelinsky has described 
an application of the reaction to cover organisms with a film of metallic cbpper. 
According to M. Berthelot, when silver foil is heated for four fioiy-s at 500° 
in a sealed ttobe containing dried carbon monoxide, about 3’6 per cent, of carbon 
dioxide is formed, and some carbon is deposited. This reaction begins even at 300°, 
but at this temp, its progress is very slow. Carbon monoxide, when heated at temp. 

- not exceeding 550°, yields carbon dioxide without depositing carbon ; it is therefore 
probable that the deposition of carbon in the foregoing experiment results from^ho 
decomposition of * silver carbonyl compound analogous to the corresponding iron 
derivative. • 


t , According to H. Moissan, 3 calcium at a djjll red heat decomposes carbon 
monoxide, but no carbonyl has been reported. G. Roederer found that wheita soln. # 
of strontium-ammonium is treated with carbon monoxide at —45°, a dull yellow, 
pulverulent mas§of strontium c&sbonyl, Sr(CO) 2 , is qbtain&d ; this becomes bright 
yellow on exposure to moist air, forms a limpid, yellow soln. with water, and blackens 
when heated under reduced press., yielding a mixture 'of strontia, strontium 
carbonate, and carbon. Similarly, A. <Juntz and M. Mentrel found that when 
carbon monoxide Is passed into a soln. of barium-ammonium in liquid ammonia, 

barium carbonyl, BafCQ)®, ia* fornfbd as yellow* powder which is unstable in* air, 

• * • • • 
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becomes br<own at 100°, and incandescent at 250°, forming bariuin oxide and 
carbonate and *carbon. Carbon monoxide reacts with metallic barium at 500°, 
producing a superficial .layer of barium carbide. 6 

J. Parkinson, 4 C. Matignon, and C. Winkfer* found that magnesium at a dull 
red heat burns brilliantly in carbon monoxide with the separation of carbon. G. Gore 
p ssed a stream of carbon monoxide for two days through a soln. of potassium 
cyanide in which dipped a strip of magnesium ; ’ he found that the metal acquired 
a black film. A. Guntz and A. Massoq found that if*aluminium be heated to dull 
redness in an atm. of carbon monoxide containing a small proportion of the vap. 
of aluminium chloride or iodide, the metal becomes incandescent and is more or less 
completely converted into aluminium carbide. According to A. von Bartal, when 
dry carbonyl chloride is passed into fused* aluminium iodide, at 195°-200°, until its 
weight has increased 25 per ceht., and iodine and unaltered iodide are removed from 
the product by washing with carbon disulphide, a light brown amorphous residue 
of aluminium dicarbonyl dichloroiodide, A1 3 (C0) 2 C1 2 I, remains ; this compound 
cannot be melted even by heating in a sealed tube ; it decomposes on heating at 
270°-300° in an open tube, aluminium chloride and iodine volatilizing, and a black 
compound of aluminium carbonyl, Al 2 (CO) 2 , insoluble in water and acid, remains ; 
the carbonyl is converted into aluminium oxide and carbon dioxide on prolonged 
heating in air. 

A. Guntz heated finely divided manganese in carbon monoxide, and found that a 
reaction occurs : Mn-j-CO~MnO-f 0+345 Cals. G. Charpy obtained an analogous 
result with ferromanganese, and with chromium, carbon and chromic oxide was 
formed. L. Mond and co-workers 5 tried to prepare carbonyls of manganese, 
chromium, and tungsten by the action of carbon monoxide on the finely divided 
mdfcals at press, up to 500 atm., and at temp, up to 450°, but without success. 
Finely divided molybdenum, prepared by reducing the oxychloride by hydrogen at a 
low temp?, at 2Q0-250 atm., and about 200°, is attacked by carbon monoxide and 
forms highly redacting white crystals of molybdenum carbonyl, Mo(CO) 6 . The sp. 
gr. of the compound is 1*96, and it is soluble in benzene. The crystals evaporate 
before melting, and can easily be sublimed in an atmosphere of hydrogen or of carbon 
monoxide at a temp, of 30° or 40°. The vap. begins to decompose at 150°. The 
chemical properties resemble those of the other carbonyls. It is scarcely attacked by 
non-oxidizing agents, but quickly by oxidizing agents, especially by bromine ; carbon 
monoxide is eliminated-, and molybdic acid is left in suspension. R. L. Mond and 
A. E. Wallis give Mo 6 (CO) 2 <j for the composition of molybdenum carbonyl. Two 
years were required to prepare 170 mgrms. It is insoluble in common solvents. 

4l In 1871, I. L. Bell 6 stated that when nickel is heated with carbon monoxide, 
a lifcthi carbon is formed, but most of the gas remains unaltered. In the presence of 
finely diyjded nickel, P. Sabatier and J. B. Senderens say that the reaction 
2CO=C-f 60 2 begins at about 230 q , and is completed at about 349^. G. Charpy 
said that nickel turnings at 1000° are not attacked. In 1890, L. Mond and co- 
workers showed that when carbon monoxide is passed over finely divided metallic 
nickel at a temp, betweeii 350° and 450°, carbon dioxide is formed, and a black, 
amorphous powder is Obtained consisting of nickel and carbon. The composition 
of Inis powder varies very widely with the temp, employed,- and still more according 
to the tipie the operation has been carried on. A small quantity of nickel can decom- 
pose a very large amount of carbon monoxide. At the commencement, a fast 
current of oarbon monoxide is completely changed into carbon dioxide by a com- 
paratively small quantity of nickel. By-and-by, the change becomes less complete, 
but the gas may be passed for several weeks before carbon dioxide ceases to be formed. 
They have in this way obtained a product containing as much as 85 per cent, carbon 
and 15 per cent, nickel. Further, 

When finely divided nickel, sveh 4s is obtained by reducing nickel ojride by hydrogen at 
about 400°, is allowed to eool in a slow current of oarbon monoxide, the flame of a Bunsen 
fcjjpraar into which the escaping gas is- introduced fafecomqs highly luminous, and when the 



CARBON 


953 


tube through*which the gas passed is heated, a mirror of metallio nickel, jnix^nl with a small 
quantity of carbon, is produced. The gas contains a compound of nickel and carbon 
monoxide — nickel carbonyl.. The carbon monoxide is very readily absorbed by the nickel 
as soon as the temp, has descended Jo About 100°, and if the current of carbon monoxide is 
continued, or if this gas is replaced bf a current of an inert gas (such as carbon dioxide, 
nitrogen, hydrogen, or even air), a mixture of gases is obtained-which Contains upwards ,of 
30 per cent, of nickel carbonyl. After a time (with a moderate curreht of gas, about an 
hour), the quantity of this compound given off becomes less and gradually diminishes till 
it practically ceases altogether. The property of the nickel to form this compound is restored 
by heating it again to about 460°, and cooling it down ; and, for a t ime, it yields the com* 
pound more abundantly after repeated use. When these mixtures of gases are heated above 
150°, their vol. increases and nickel separates, which, according to the temp., is more or loss 
contaminated with carbon resulting from the action of the nickel upon the carbon monoxide 
generated. t • • * 

Nickel* carbonyl is conveniently made by passing carbon monoxide over finely 
divided nickel at 30° to 50° ; the nickel is made by the reduction of the oxide with 
hydrogen at 400°. The carbonyl is condensed from the escaping gases bypassing them 
through a tube cooled by a refrigerating mixture of ice and sodium chloride. According 
to J. Dewar, the reaction maybe advantageously carried out underapress.of2-100atm. 
when the temp, may be raised to 250° without fear of decomposition, and the reaction 
is then greatly accelerated ; the condensation of the carbonyl is also best performed 
under press, so that the excess of carbon monoxide is led back over the nickel whilo 
under the same press. E. Tassilly and co-workers passed carbon monoxide over 
reduced nickel deposited on puzzolana, and they found the optimum temp, to be 45° 
at 30 mm. press. According to H. Frey, sodium decomposes ethyl oxalate into ethyl 
carbonate and carbon monoxide. If ethyl oxalate be added from a dropping funnel 
to finely divided nickel chloride or bromide and sodium suspended in dry ligroiq, at 
90°, the escaping gas contains nickel carbonyl. J. H. W6ibel observed the 
formation of nickel carbonyl when an aq. soln. of a nickel salt is treated with 
carbon monoxide at 100 atm. press, at 150°. According to R. Lessfng, nickel 
carbonyl for organic preparations is conveniently stored in an absorbent material 
like charcoal or coke impregnated with oil ; when desired for use, it is taken up by 
passing hydrogen, nitrogen, or other gas into the stored material. 

At ordinary temp., nickel carbonyl is a colourless volatile liquid. L. Mond and , 
co-workers gave 1*3185 for the sp. gr. at Vi° ; and L. Mond and R. IJIasifti gave 
1*36153 at 0° ; 134545 at 8° ; 132446 at 14° ; 1 31032 at.20° ; V29832 at 25° ; 
1-28644 at 30° ; and 127132 at 36°. Hence, the vol. *of the liquid at 0 is 
v O (l+O'OO162280-bO-O 5 6O80?+O'O 8 5O50 3 ), where v 0 represents the vol. at 0°. The 
mean coeff. of cubical expansion between 0° and 36° is therefore 0’001853. L. Mond 
and co-workers found the vap. density to be 6 01 corresponding with a molffi oP 
160 ; the formula Ni(CO) 4 requires a vap. density 59. 1 j. Mond and R. Nasim 
further found the lowering of the f.p. in benzene soln. is normal in agreement with 
the formula Ni(CO) 4 . The b.p. is 43° at 751 mm. ; M. Berthelot gave 46 ; and 
J. Dewar and H. O. Jones, 43 2° to 43 33° at atm. press, L. Mond and jo-workers 
found the liquid solidified to needle-like crystals at —25°. According to J. Dewar 
and H. 0. Jones, the critical temp, is about 200°, ana the critical press, about 
*30 atm. A. Mittasch found the vap. press, p mm., at the indicated temp., to be ♦ 

2-05° * 7'36° 15-27* 20 20° 2486° 29-52* 34’29° W97* 

p . . 133*1 170*5 238-2 294 3k 349*7 4442 532-6 647*2 

According to L. Mond and R. Nasini, ‘nickel iarbonyl begins to decomjose at # 
about 36°, and A. Mittasch estimates the percentage decomposition : 

02° 69* 79* lA>* 98* 

Decomposition . . . 6-38 0-80 W0 # 2 60 5-80 per cent. 

L. Mond and co-workers said that when passed through a hot tube at 
the nickel is deposited as a brilliant nfctfillic mirror. J. Gamier attributed the 
separation of nickM in*the flues of furnaces heating ferro-nickel to the fprmMion 
and decomposition of a gaseous nickel compound* The v^p. may explode if rapidly 
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heated to 60* bvt, added J. Dewar and H. 0. Jones, only in the preseiice of air or 
oxygen. L. Mond said that the liquid carbonyl does not explode, but it decomposes 
rapidly \yhen heated. It may be distilled if it is dissolved in a liquid of higher boiling 
point, but even then it also decomposes with th$ evolution of carbon monoxide and 
the deposition of nickel in a very finely divided state. 

According to M. Berthelot,' the reaction Ni(CO) 4 =Ni-f4CO is endothermal and 
reversible ; while the reaction Ni(C0) 4 =Ni-f2C-f-!2C0 2 is exothermal and reversible. 
He said that the former reaction occurs -if the compound is slowly heated, and the 
latter if rapidly heated. A. Mittasch observed no signs of the* formation of carbon 
dioxide ; and M. Berthelot (1901) obtained only 1 c.c. of carbon dioxide after heating 
a 35 c.c. bulb of gas for some hours at 550° ( . According to A. Mittasch. if x denotes 
the cone, of carbon monoxide when the system is in equilibrium, a—x will be the cone, 
of the nickel carbonyl ; and since the cone, of the solid phase — nickel— is a constant, 
for equilibrium, Ni(CO) 4 ^Ni-f 4CO, x*—K(a— x), where K is the equilibrium 
constant. The observed values of K are in agreement with this assumption. The 
internal heat of the reaction calculated from {d log K)/dt^Q/RT 2 give Ni-{-4CO 
=Ni(CO) 4 -f 43*63 Cals. L. T. Reicher obtained 59*5 Cals, from the heat of com- 
bustion, but by correcting this for the external work the observed value becomes 
50*7 Cals. Observations on the speed of decomposition show that the decomposition 
of nickel carbonyl is a reaction of the first order, which is explained by assuming the 
reaction occurs only on the walls of the containing vessel, while the formation of nickel 
carbonyl is a reaction of the second order, and this is explained by assuming that the 
reaction occurs in stages : Ni-f-2CCMNi(CO) 2 , and Ni(CO) 2 -f 2CO^Ni(CO) 4 . 
Traces of air, or of hydrogen sulphide, retard the reaction to a very marked degree ; 
and small quantities of water vapour exert a slight disturbing action. The temp, 
coeff. of the decomposition is' greater than that of the formation of nickel carbonyl. 
J. Dewar and H. 0. Jones gave 6*4 Cals, for the mol. heat of vaporization. 

L. Mond and; R. Nasini found the at. refraction of the nickel in nickel carbonyl 
to be about three times as great as nickel in the metallic state or in its salts ; 
A. J. F. do Silva showed that the mol. refraction of nickel carbonyl is higher than the 
sum of the at. refractions of nickel oxide and carbon monoxide. J. H. Gladstone found 
the mol. refraction for the H (1 -line is 57*7°; and the mol. dispersion between the H v - and 
the H^lines is 5*93. L. Mond gave 58*63 for the mol. refraction \ u/D ; and 1*1236 
for the dispersion coeff. He added that the compound is opaque to rays of wave- 
length exceeding 3*820, He also found that the gas burns with a faintly luminous 
flame in which metallic nickel is liberated, and which gives a continuous spectrumi 
When sparked in a vacuum tube at 5 mm. press., the spectrum of carbon monoxide 
"alone is obtained. When the gas is diluted with hydrogen, it burns with a yellowish- 
green flame which furnishes the line spectrum characteristic of nickel. L. Mond 
found nickel carbonyl to be a bad conductor of electricity. G. Jaff^ said that the 
ionization is 5*1 times as great as that of air. A. Mittasch gave 10“ 9 *rec. ohms for 
the sp.* conductivity of the liquid. L. Mond gave 38*21 for the magnetic rotatory 
power, a value greater than that of all other substances with the exception of 
phosphorus. The dian\$gnetic constant is —3*131 x 10 10 . UnHke the general para- 
magnetic properties of the nickel salts, nickel carbonyl is thus strongly diamagnetic. 

Attempts by L. Mond, H. Hirtz, and M. D. Cowap to prepare nickel tricarbonyl 
analogous with cobalt tricarbonyl were«not successful. L. Mond suggested the first 
of the following formulee to explain the physical properties of nickel carbonyl. 
Here nickel is represented as an octovalent element. H. E. Armstrong, J. H. Glad- 
stone, H. 0. Jones, and % A. J.« F. de Silva preferred the ring formula with nickel 
divalent. " * • 




Ni< 


CO— CO 
CO— CO 


The main argument in favour of the cycloid or ring formula is that it affords an expla- 
nation of the complete masking of the metal, comparable, for^example, with that which 
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sulphur suffers in thiophene. L. Mond added that it is doubtful i^al?the carbonyl 
radicles are directly associated with nickel since it would then be necessary to assume 
an excessive valency for the element. On the other hand; the ring formula does 
not explain why in the case of the’aAalogous cobalt compound one carbonyl group is 
more easily eliminated than the others ; and why the cobalt oompoind has double tlje 
formula weight in benzene soln. Consequently, said L. Mond and co-workers, these 
compounds probably have a molecular rather than an atomic constitution, similar 
to the hydrates of salts or of acids, the carbonyl group taking the place of the water 
of crystallization or hydration. Here again, however, the difficulty arises that we 
have to assume that these compounds, although they can be obtained in a gaseous 
form, have a normal gas density, and so # far as they could be investigated therein, 
exist in the gaseous state also in this molecular condition. 

Recording to M. Berthelot, at ordinary temp, nickel carbonyl is stable in the 
gaseous or liquid state when it is sealed up in glass tubes ; if exposed to the air, 
oxidation occurs, and there separates, according to L. Mond, nickelous carbonate, 
and, according to M. Berthelot, green nickelous hydroxide ; at the same time, a part 
of the vap. oxidizes, forming a white deposit having the composition C2O3N1O.U2O. 

A mixture of the vap. with air or oxygen burns or explodes on contact with a red- 
hot substance, according to the relative proportions of oxygen and vap. present. 
The explosion of a mixture of dry nickel carbonyl and oxygen can be produced by 
shaking energetically with mercury. Nickel carbonyl is insoluble in water. The 
gaseous mixture in presence of a little water oxidizes slowly, with formation of a 
greenish, gelatinous precipitate. This compound contains nickel, oxygen, water, 
and some combined carbon; it blackens on heating from separation of carbon. 
Simultaneously with the production of this complex oxide 111 the cold, carbonic ox^de 
is regenerated. TJhe dry mixture undergoes a similar decomposition, but the oxide 
formed is yellowish-brown ; in time it blackens by further dt>compositiom Liquid 
nickel carbonyl kept under water without exclusion of air decomposes 111 a similar 
manner,, but more slowly. Nickel carbonyl thus behaves in a manner anatogoua 
to the organo-metallic radicles and the metallic derivatives of acetylene. Nickel 
carbonyl is insoluble in dil. acids or alkalies, and in acid soln. of cuproua chloricl . 
The most suitable solveuts are the hydrocarbons-*,./, turpentine. L. MomUnd 
C. Langer found it to be soluble in alcohol, benzene, and chloroform , ™ V . *e"her 
and H A. Loos, in toluene, acetone, and methyl or ethyl ahjohol When soln m 
chloroform, acetone, benzene, toluene, and methyl or et y ® °° ° 
stand for some time, there separates a green ««««" » ^ ^££3 
mixture of nickel hydroxide and carbonyl. E. Hatschek and P. 0 . L. 1 horne loutm 
that the soln. in benzene begins to dissociate below the b.p. turning greems 1 irojvn • 
and then black. Colloidal nickel is formed. A , t . , , 

Oxidizing agents were found by L. Mond and co-workers to ‘'“ompese 'uck 
carbonvl • chlftnne furnishes nickel chloride and carbonyl chloride , hromiTit behaves 
in an* analogous manner; F. E. E. Lamplough stu« J 
A. Mittasch found that iodine gives a nickel salt and 
J Dewar and H. 0 . Jones, a'soln. of chlorine, bromine, or iodine in an org 
decomposes the carbonyl with the evolution of 

bromine decomposes the solid carbonyl ; iodine has np action on the 1 . ■ 
01 ‘i^Mon^and ^-workers and A..Mittasch found thtf sulphur decomposes nickel 

Hfes s o” S 
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with cone, silphuric acid detonates in a few moments ; but if the carbonyl be diluted 
with nitrogen, tie decomposition may proceed quietly— each atom of nickel furnishes 
a mol. of nickel sulphate and four mols of carbon monoxide — at the same time some 
of the sulphuric acid is reduced. J. Dewar and II: 0. Jones found that with sulphuric 
qcid, nickel sulphate,- hydrogen, and carbon monoxide are slowly formed: 
Ni(C0) 4 +H 2 S0 4 -NiS0 4 -fH 2 -HC0. 

M. Berthelot observed that ammonia gas does not act on nickel carbonyl immedi- 
ately, but if oxygen be gradually added to the mixture, a white complex substance 
is formed which blackens when heated. According to H. 0. Jones, nickel carbonyl 
in alcoholic soln. reacts with hydroxylamine, NH 2 OH, forming a bluish-violet mass 
which solidifies in the desiccator, is insoluble in all solvents tried, and decomposes 
at 100°. The ratio of nickel to hydroxylamine in the compound is c l : 4 or 1 : 5. 
Hydrazine, N 2 H4-H 2 0, furnishes analogous compounds. M. Berthelot -found that 
nitric oxide, passed into liquid nickel carbonyl, or mixed with its vap. volatilized in 
nitrogen, produces blue fumes, slowly deposited. The addition of a further quantity 
of nitric oxide, even when its initial vol. was four times that of the gaseous nickel 
carbonyl, reproduces these fumes. The inference is drawn that the vap. of another 
nickel compound is present as well as the nickel carbonyl, and forms a blue compound 
immediately with nitric oxide, which is present in excess. If a few bubbles of oxygen 
be introduced in place of the second quantity of nitric oxide, a blue compound, 
different from the one noticed above, is formed. According to R. L. Mond and 
A. E. Wallis, nitric oxide colours a one per cent. soln. of nickel carbonyl in chloro- 
form an intense blue ; and on evaporation in the absence of air, a blue powder is 
produced. It is assumed that a nickel nitrosocarbonyl is formed, but tho analyses 
w^re unsatisfactory. L. Mond and co-workers found that nitric acid oxidizes nickel 
carbonyl and colours the alcoholic soln. blue. M. Berthelot foqnd that phosphine 
reacts with nickel carbonyl, forming a black shining compound. 

Accoiding to J. Dewar and H. 0. Jones, aluminium chloride does not react with 
nickel carbonyl nor has the carbonyl any action on the aliphatic hydrocarbons, but 
with benzene or toluene, aluminium chloride, and nickel carbonyl, a rapid evolution 
of hydrogen chloride occurs and a dark viscid mass is formed ; toluene, m-xylene, 
naphthalene, and mesityl ene $lso react more or less slowly. Nickel carbonyl reacts 
with 'bengenc in the presence of aluminium bromide. H. 0. Jones found that 
nickel carbonyl reacts like the keto-compounds. Alkyl magnesium compounds, 
phenyl magnesium iodide, etc., also react with nickel carbonyl. J. Dewar and 
H. 0. Jones found that nickel carbonyl and carbon disulphide do not react to an 
appreciable extent in the liquid state, unless the two liquids be exposed to light ; 
by.t they readily interact in the vaporous state, and the reaction is favoured by a. 
decrease of press, as is also the case with the oxidation of phosphorus and of aldehyde 
vap. The reaction is represented by 2Ni(CO) 4 -f CS 2 ~2NiS-f 8CO-f C rather than 
by Ni(00) 4 +CS 2 =NiS+CS-f 4CO. The reaction proceeds in darkr.ess and in the 
absence of moisture. Carbonyl sulphide, allyl sulphide, thiophene, ethyl trithio- 
carbonate, ethyl dithiocarbonate, thiocarbonyl chloride, and thiocarbamide all react 
with nickel carbonyl to produce brown or black deposits. J. Dewar and H. 0. Jones 
found that a soln. of cyanogen in an organic solvent decomposes nickel carbonyl 
with the evolution of carbon mpnoxide. The physiological action of nickel carbonyl 
has been studied by H. W. Armit, J* G. McKendrick and W. Snodgrass, L. Mond, 
E. Vahlen, A. Mittasch, etc. Small quantities of the vap. are very poisonous, being 
decomposed in the lungs into carbon monoxide and a nickel derivative. 

L. Mond said that' the metals and the metal salts do not react with nickel car- 
bonyl. A. Mittasch found that sodium chloride, lithium chloride, mercuric chloride 
or cyanide, chromic chloride, potassium iodide, potassium nitrate, nickel sulphate, 
and silver nitrate are insoluble in liquid nickel carbonyl ; traces of some salts do 
dissolve but the soln. are non-conducting. He also found that silver nitrate and 
platinum tetrachloride are decomposed 'by nickel oarbonyl ; L. Mond and co-workers 
0 ah>o found that ammoniacal silver and cupric salt ^oln. are reduced. M. Berthelot 
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said that a dil. or cone. soln. of potassium hydroxide lias no action tm {he carbonyl. 
R. L. Mond and A. E. Waljis found that moist air, carbon .monoxide, and nickel 
tetracarbonyl at 200° give a yellow deposit of colloidal basic nickel carbonate of 
variable composition. 4 

Cobalt was found by I. L. Bell to react with carbqn monoxide less readily than 
nickel, furnishing a little carbon. ,P. Sabatier and J. B. Senderens also found that 
the reaction 2CO=C-f C0 2 occurs at a higher temp, with cobalt than with nickel. 
L. Mond, C. Langer, apd L. Quincke obtained no cobalt carbonyl under the conditions 
employed for the nickel compound ; but later L. Mond, H. Hirtz, and M. D. Cowap 
found that cobalt tetracarbonyl, Co(CO) 4 , can be made by heating cobalt over 150'' 
in an atm. of aarbon monoxide at a press; between 30-40 atm. The higher the press, 
up to at lepst 250 atm., the more rapid the formation of the carbonyl, likewise also 
when the temp, is raised to 220°. Cobalt tetracarbonyl furnishes orange-coloured 
transparent crystals which are best preserved* by sealing them in an atm. of hydrogen 
or carbon monoxide in a glass tube. The sp. gr. of the crystals is 1*73 at 18°, if 
kept for a few hours the sp. gr. increases owing to decomposition. The vap. density 
could not be determined directly owing to the decomposition of the carbonyl. The 
crystals melt without decomposition at 51° ; very slow decomposition sets in 
immediately after melting, and it is quite appreciable at 53°, and fairly rapid at 00°. 
Decomposition is complete at the last-named temp, in two days, and cobalt tricar- 
bonyl is formed. The vap. press, at 15° is 0 072 mm. The mol. wt. by the cryoscopic 
method in benzene is 328, corresponding with the doubled formula Co 2 (CO) 8 . The 
crystals decompose when exposed to the atm., a deep violet substance, consisting 
of a basic cobalt carbonate, being left behind. Cobalt carbonyl is very slowly 
attacked by non-oxidizing acids, such as hydrochloric or sulphuric, whereas wlffcn 
nitric acid or bromine is present, the reaction is accelerated .considerably, and the 
corresponding cobalt salt is formed with the elimination of carbon raonoxidv, accord- 
ing to the equation Co(CO) 4 +Br 2 ==CoBr 2 -f 4CO. Cobalt carbonyl is insoluble in 
water, but more or less soluble in organic solvents, such as carbon disulphide, ether, 
naphtha, alcohol, and also in nickel carbonyl. If these soln. arc kept for some time, 
or if they are warmed, decomposition ensues. It. L. Mond and A. E. Wallis found 
that nitric oxide reacts with cobalt tetracarbonyl slrtwly at room temp., instantly 
at 40°, forming a cherry-red liquid with the composition cobalt nitrosotrlcarbonyl, 
Co(CO) 3 .NO. The mol. wt. by the vapour density method is.ni-7 ; theory requiues 
173. The mobile liquid is very volatile ; its sp. gr. is 15126 at 14° ; its b.p. 78*6° 
at 761 mm. andi ts m.p. is *—105°. The vap. press, at 14° is 77 mm., at 23°, 100 
mm. ; at 36*, 171 mm. ; at 45°, 251 mm. ; at 56°, 361 mm. ; and at 66°, 517 mm. # 
The compound slowly decomposes above 66°. It is stable under water in which if is 
insoluble ; it is miscible in all proportions with alcohol, benzene, ether*, chloroform, 
etc. It may J)e distilled in a current of inert gas at 50°-60°, with only .a slight 
decomposition into cobalt tricarbonyl and nitric oxide. As indicated above, when 
cobalt tetracarbonyl is allowed to stand for a couple of days at 60°, it furnishes cobalt 
tricarbonyl* Co(CO) s , which, is purified by cooling the soln. in warm benzene. The 
crystals are jet-black. ‘They are so slightly soluble in the varioiis menstrua tried that 
their mol. wt. was nojb determined. Th‘e compound decomposes when heated above 
60 °. At temp, up to 60 6 , nitric oxide does not reafct with cobalt tricarbonyl, but 
at 75 °- 80 ° there is a slight reaction. J. H. Weibel observed that traces of cobalt 
oarbonyl appear when an aq. soln. of a cobalt s 4t is treated with carbon ^mon- 
oxide at 100 atm. press, and at 150°. . •* . A , 

K. Stammer said that iron at a dull red heat decomposes /jar bon monoxide with 
the separation ofrearbon; H. Bui! and A. W. Hofmann, I. L. Bell, A. Guntz, 
P. Sabatier and J. B. Senderens, A. Gautier and P. Clansmann, G. Charpy, M. van 
Breukeleveen and A. ter Horst, etc., have made observations on the reactions : 
Fe+CO=FeO+C-j_20-l Cals., and FeO+OO^Fe^ C 0 2 ; and on the cementation 
Of iron by the carbon. L. Mond, C. J*nger, and JF. Quincke obtained no carbonyl 
under the conditions they erfiplc^ed for jiickel tetraoarbonyh L. Mond *n<f 
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F. Quincke volatilized reduced iron to a slight extent by heating it to 8(5° in a stream 
of carbon monoxide, and concluded by analogy with nickel tetracarbonyl, that an 
iron tetracarbonyl was' formed. J. Gamier also inferred that from the luminosity 
of the flame of carbon monoxide a volatile compound of this gas with iron was 
formed in the manufacture of iron and steel. M. Berthelot also treated reduced 
iron at 45° with, carbon monoxide and obtained evidence that a small quantity of a 
volatile iron carbonyl was formed. t L. Mond and C. Langer isolated the compound 
and showed it to be iron pentacarbonyl, *Fe(CO) 5 , and rfot the tetracarbonyl. Finely 
divided iron was allowed to remain in contact with carbon monoxide at ordinary 
temp., and then heated to 120° to distil off the iron carbonyl. A better yield is 
obtained by 'distilling in a slow current ofioarbon monoxide. The irqn carbonyl is 
condensed in a tube cooled to — 20°. The remaining iron* was allowed to cool, and 
again to stand in contact for 24 hrs. with carbon monoxide; The daily yield is about 
a gram of carbonyl per 100 grms. of i*on. No increase in the yield wad* obtained 
by working with carbon monoxide under a press, of 10 atm. R. L. Mond and 
A. E. Wallis studied the best conditions for making this compound. A. Stoffel 
investigated the conditions governing the formation of iron pentacarbonyl. Up 
to 60°, the influence of temp, on the reaction is slight, but just below 80°, adsorption 
of the reaction product by the iron at first retards the formation of the carbonyl, 
and finally inhibits it. Above 80°, dissociation stops the action, so that large 
quantities in the state of vap. cannot be formed. The presence of ammonia acceler- 
ates the combination of carbon monoxide and iron ; that of hydrogen sulphide 
exerts no influence. R. L. Mond and A. E. Wallis measured the yields at different 
temp, and press., and found that the formation of the carbonyl rapidly diminishes 
when the temp, exceeds 200°, but up to that temp, the yield is greater the higher 
the temp, and at a pr^ss. of 300 atm. is 4 to 5 times as great as “at 100 atm. press. 
J. H. Weigel observed no formation of an iron carbonyl when an aq. soln. of an iron 
salt is treated with carbon monoxide at 100 atm. press, at 150°. 

L. Mond and C. Langer found that iron pentacarbonyl is a pale yellow, viscid 
liquid. J. Dewar and H. O. Jones found the sp. gr. of the liquid referred to water 
at 4° : • ■ 

-20° ‘0° 21*1° 40° 60° 80° 120*5° 

Sp. gr.* . * . .. 1*53 1*4937 1*4505 1*4330 1*3825 1*3510 1*310 

The coeff. of expansion*between 0° and 21° is accordingly 0*00121 ; between 20° and 
40°, 0*00128 ; and between 40° and 60°, 0*00142— the mean coeff. of expansion over 
the whole range is 0*00138. According to L. Mond and C. Langer, the pentacarbonyl 
• distils without decomposition at 102*8° and 749 mm. It solidifies below —21° to a 
mass' of yellow, needle-shaped crystals. When heated to 180°, it is completely 
decomposed into iron and carbon monoxide. The dissociation at 130° amounts to 
about one j?er cent. ; at 140°, it is quite marked, and is attended by the separation of 
iron ; at 216° the dissociation is complete. The reaction is reversible. The dis- 
sociation increases with a diminution of press., and is smaller in an atm. of carbon 
monoxide than in an inert gas. Iron pentacarbonyl is more stable, and dissociates 
more slowly than nickel tetracarbonyl. J. Dewar and H. O. J ones found the b.p. to 
be 102*7° at 764 mm. ; or 102*5° at 760 mih. ; the m.p. is between —19*5° and —20°. 
The critical temp, is 255°-288 ?) ; thq, critical press., 29*6 atm. ; and the critical 
density, 0*49. The vap. press., mm., .is : 

«* - 7 ° o 5 18*1° 18*4° 35*0° 57° 78° 

p ' , . . ° . * 14*0 16*0 25*9 28*2 52*0 133 0 311*2 

The heat of vaporization is 39*45 cak. per gram. ' 

The vap. density 6*5 corresponds with the value 6*7 calculated for the penta- 
oarbonyl. Analyses also agree with the pentacarbonyl. The formula Fe(CO) 5 
agrees with the f .p. of a soln; of Che carbonyl in benzene. The formation of ferrous 
salts when the pentacarbonyl is , decomposed, by non-oxidizing and non-reducing 
agents agrees with the assumption that the irqn k bivalent ; and the masking of 
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the optical properties of the iron by the carbonyl groups is in agreement with the 
ring formula : # . 

CO^ CO 

advocated by L. Mond, J. H. Gladstone, A. J. F. .de Silva, efc. J. Dewar aftd 
H, 0. Jones gave 1*519 for the index of refraction for Na-light at 22°, and 1*528 with 
Tl-light. L. Mond, and J. H. Gladstone found for the mol. refraction /x/D -69*30 ; 
and for the H-line, 68*5. Th^ mol. dispersion between H y and Ha— 6*6. The atomic 
dispersion of iron in this compound is much greater than that of iron in the salts of 
that element. 

According to J. Dewar andH. 0. Jonesjiron pentacarbonyl is not altefed when con- 
fined in a sealed tube in darkness, but it is decomposed in sunlight whether it be alone 
or in soln., and yellow crystals of the enneacarbonyl appear. When iron pentacarbonyl 
is exposed to air,’ L. Mond and C. Danger state that it is slowly decomposed with the 
formation of a brown precipitate, mainly hydrated ferric oxide. The pentacarbonyl 
is soluble in many organic liquids such as alcohol, ether, benzene, mineral oils, etc. 
According to L. Mond and co-workers, and J. Dewar and H. 0. Jones, the halogens 
chlorine, bromine, and iodine react with decreasing velocity, forming the iron halide 
and carbon monoxide. Chlorine or bromine water acts quickly on the carbonyl. 
H. Freundlich and E. J. Cuy also noted that iodine and the pentacarbonyl react 
in sunlight or when warmed in alcoholic soln., forming ferrous iodide. L. Mond, 
J. Dewar, etc., showed that gaseous hydrogen iodide reacts with the evolution of 
hydrogen and carbon monoxide ; gaseous hydrogen bromide or chloride does not 
act, but a soln. of these compounds in chloroform acts on the carbonyl. Dil. hydro- 
chloric acid does not act at ordinary temp. Chloroform soln. of the mono- and tri- 
chlorides of iodinelfurnish ferrous chloride and carbon monoxide; and a soln. of cyano- 
gen iodide in chloroform forms ferrous cyanide, and a little ferrous iodide. Dyau°g<m 
has no action on iron pentacarbonyl, but in alcoholic soln. there is* a slow reaction. 
These reactions resemble those with nickel carbonyl, but they take place more 
slowly. Iron carbonyl, however, does not react with sulphur dissolved in xylene 
or carbon disulphide. Gaseous hydrogen sulphide is without action, but when dis- 
solved in alcohol, it forms ferrous sulphide, hydrogen and carbon monoxide, Dil. 
sulphuric acid or dil. nitric acid has no action at ordinary temp., but win'll the acid, 
is dissolved in ether or carbon tetrachloride there is a turbulent evolution . of 
hydrogen and carbon monoxide — e.g. H 2 S0 4 f Ee(CO) 5 — FeS0 4 -(-Ho-}- 5 GO. Corn, 
nitric acid forms ferric nitrate quite readily. Iron carbonyl has no action on 
nitric acid dissolved in carbon disulphide or xylene. When heated with benzene and , 
aluminium chloride in a sealed tube at 100°, benzaldehyde and anthracene We 
formed; no anthracene is produced in the cold. H. Freundlich and E J. Cuy 
found a red compound with alcohol can be formed which is soluble lrweljher, and 
soon forms a green tetracarbonyl ; it is a very strong reducing agent Acceding to 
L Mond and C. Langer, alcoholic soln. of sodium and potassium hydroxides absorb 
the vap. rapidly, and also dissolve the liquid without the evolution of gas. After a 
while, a greenish precipitate is formed, which contains chiefly hydrated ferrous oxide, 
and the soln. becomes brown. On exposing it to the air, it takes up oxygen, and the 
colour changes to a dark ‘red, whilst hydrated fernc’oxide separates out. When an 
acid is added to an alkaline soln. of the pentacarbonyl, H. Freundlich and E. J. Cuy 
found that a white milky precipitate is produced wduch soon decomposes with the 
evolution of carbon monoxide and dioxide, and hydrogen, *nd the last-namM ga* 
is in the proportion to be expected if the iron in the carbon^ is dissolved as metal, 
so that in alkaline? soln., the iron is present in the same state of oxidation as it is 
in the pentacarbonyl. According to J. Dewar and H. Q. Jones, on mixing alcoholic 
soln. of ferropentacarbonyl and mercury chloride, a slight evolution of caYbon 
monoxide is observed, and a yellowish, Crystalline palpitate is fowed contain- 
ing iron, mercury,* chlorine, and carbon monoxide. The analyses, however, pid^ 
not give’ figures from which a debate fo;mqla cduld be deduced. • 
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When iroi psntacarbonyl in a sealed tube, below 60°, is exposed to sunlight 
either in the gaseous state or m soln.— in ether, amylene, alcohol, or ligroin which 
gives better results as 'solvents than benzene— golden-yellow, tabular crystals are 
formed and the press, in the tube becomes very grlat. The dry crystals have a metallic 
lustre and resembfe flakes of gold. L. Mond and C. Langer regarded this product 
as iron heptacarbonyl, Fe 2 (CO) 7 , but J. Dewar $nd H. 0. Jones showed that the 
product is orange-red, and is iron enneacarbonyl, Fe 2 (CO) 9 , or Fe(C0) B .Fe(C0)4. 
The reaction is symbolized ; 2Fe(dO) 5 ==Fe 2 (CO) 9 -|-C(L The reaction induced by 
light is slowly reversed in darkness. The graphic formula is : 

Fe — CO.CO.CO.CO. 

F'e-CO.CO.(5d.CO. >CO 

The light from the electric arc induces the change slowly, while the light from an 
acetylene flame has very little influence.* Blue light is most active, and the activity 
diminishes towards the red end of the spectrum. Variations of press, up to 125 atm. 
have no appreciable influence on the reaction ; and the change is inhibited at 60° 
to 100° : but at the temp, of liquid air, there is a slow decomposition. R. L. Mond 
and A. E.Wallis observed no reaction between nitric oxide and iron enneacarbonyl 
below 60° ; at 63°, there is a slight reaction and beads of a red liquid appear. At 
100°, the reaction is complex, some liquid pentacarbonyl and some tetracarbonyl are 
formed, and after a time the whole decomposes with violence. The reaction at 
70°-85° is regular, and is represented 2Fe 2 (C0) 9 -fN0=FeN0.3Fe(C0) 5 -f3C0. 
The red liquid, iron nitrosopentadecacarbonyl, Fe 4 (CO) 15 NO, is decomposed by 
repeated distillation, forming iron pentacarbonyl, and a brown powder containing 
iron and nitric oxide. The properties of the red liquid resemble those of the nickel 
nitrosotricarbonyl. WJien iron pentacarbonyl is dissolved in nickel carbonyl, the 
decomposition by light is very slow, and a 10 per cent. soln. does not deposit solid 
or evolve gas, even after several weeks’ exposure to bright sunlight. To account 
for this, it is suggested that combination takes place, resulting in the formation of 
ferronickel enneacarbonyl, FeNi(CO) fl , which is not acted on by light. This view 
is in harmony with the fact that these soln. are much paler in colour than corre- 
sponding soln. of the pentacarbonyl in other solvents. The crystals are dried over 
sulphuric acid and solid paraffin. The orange-red hexagonal plates are stable in 
dry air. The sp. gr. is 2‘085 at 18°/18° ; and when warmed to 100°, the enneacar- 
bonyl decomposes, forming the pentacarbonyl, etc., 2Fe2(CO) 9 =3Fe(CO) 5 -|-Fe-f3CO. 
The enneacarbonyl is almost insoluble in ether, benzene, or ligroin ; rather more 
soluble in ethyl alcohol, methylal, or acetone ; and still more soluble "in pyridine. 
Altfmina adsorbs about 2' 5 per cent, of its weight of iron pentacarbonyl ; on exposure 
to light the powder becomes deeply coloured, and carbon monoxide is evolved. 

When fjie crystals of the enneacarbonyl are heated between 50° ^nd 90° in the 
presence of ether, ligroin, or toluene, in an atm. of carbon dioxide, the liquid becomes 
intensely green. J. Dewar and H. 0. Jones cooled the green toluene soln. and 
obtained green prismatic crystals of iron tetracarbonyl, Fe(CO) 4 , the analogue of 
nickel tetracarbonyl. »The crystals have a sp. gr. P994 at 18°/l8°. From the effect 
of the tetracarbonyl on the f.p. of bensenfc soln., the mol. \yt. is higher than is 
represented by the normal formula. Iron tetracarbonyl is stable under ordinary 
conditibns, but at 140°-150°, it dissociates into metallic iron and carbon monoxide. 
The tetracarbonyl is soluble in toluene, ligroin, ether, etc. The dark green soln. 
slowl/lose their colour at 100°, rapidly at 140°, and iron is deposited. The soln. in 
pyridine and alcohol are greed at first, but they turn red on standing. 

H. Buff and A. W. Hofmann, and I. L. Bell found that carbonftnonoxide has no 
action on heated platinum ; nor, according to P. Sabatier and J. B. Senderens, ha® 
finely divided platinum any action at 450°. L. Mond, C. Langer, and F. Quincke 
could not pr$j»re a platinum* carbonyl by Ihe method employed for nickel carbonyl. 
Acqprding toE. Harbeck and G. Lunge, the presence of 26 per cent, of carbon 
fnomoxide is sufficient ta prevent th? option pf platinum black on a mixture 
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of ethyleneind hydrogen. Moreover, if platinum bfack is sat. witl^ carbon mon- 
oxide and the excess driven out with hydrogen, its action on a mature of ethylene 
and hydrogen is destroyed. Platinum black absorbs about. 60 times’its vol. of car- 
bon monoxide, and palladium black*about 36 times its vol. The compound formed is 
probably a true chemical compound, since the carbon monoxide is not eliminated by 
the subsequent action of other gases, such as hydrogen ; it is very stable, but suddenly 
decomposes at 250° into its constituents. Attempts to isolate the compound were 
not successful since it is not volatile, and cannot be extracted by the ordinary solvents. 
L. Mond, H. Hirtz, and M. D. Cowap showed that if ruthenium-black is subjected to 
the action of carbon monoxide, a very small quantity of a yellow-orange deposit is 
formed in a cooled glass tube, and a comparatively strong mirror is formed in a heated 
glass tube. »The reaction does not start below a press, of about 350 45'0 atm., and a 
temg. of 300°., The deposit is insoluble in hydrochloric acid, but soluble in nitric 
acid or bromine, gas being evolved. It contains ruthenium, and forms a ruthenium 
mirror when heated. The mirror obtained in the heated glass tube is soluble to 
a slight extent in hydrochloric acid (soln. contains iron). The insoluble part is not 
dissolved by aqua regia, and consists of ruthenium. The orange-yellow deposit 
obtained by heating finely divided ruthenium at 3(X)° in carbon monoxide at 4(X) 
atm. press, is extracted by alcohol. The non-volatile product, ruthenium dicarbonyl, 
Ru(CO) 2 , is insoluble in benzene, and in hydrochloric acid, but is soluble in othyl 
alcohol, water, nitric acid, and in bromine with the evolution of gas. R. L. Mond 
and A. E. Wallis obtained another volatile ruthenium carbonyl which is crystalline 
and soluble in benzene. 
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§ 28. The Carbonyl Halides 

In 1811, J. L. Gay Lussac and L. J. Th^nard, 1 and J. Murray said that chlorine 
does not unite with carbon monoxide. J. Murray’s statement was based on an 
attempt to refute the elementary nature of chlorine in favour of the hypothesis 
that chlorine is oxymuriatic acid. He showed that when carbon monoxide and 
chlorine are exposed to sunlight, and then treated with ammonia, the soln. gives 
off carbon dioxide when treated with nitric acid. He therefore concluded that the. 
soln. contained ammonium chloride and carbonate, and that the carbonate was 
formed by the alleged oxymuriatic acid (chlorine) oxidizing the carbon monoxide. 
In opposition, J. Davy showed that no combination occurs when equal vols. of 
theidried gases arc mixed in the dark, but combination does occur in light, and 
more particularly in sunlight. The gases contract to half their f&mer vol. during 
the combination, and the product contains neither hydrochloric acid nor carbon 
dioxide. It is absolutely necessary that the constituents should be dried, otherwise 
a mixture of carbon dioxide and hydrogen chloride will be formed “ in proportion 
to the quantity of water present.” He named the product phosgene — from <££$, 
light ; and y «Wa>, I give rise to — it is now called carbonyl chloride, C0C1 2 , or 
carbon oxychloride. T. Wilm and G. Wischin consider a modification of this process 
to be the best method of preparing the gas. The constituent gases are introduced 
at about the same rate* into a ten-litre gas balloon, and thence into a second smaller 
balloon. Both balloons are exposed to sunlight. It is best to employ a slight excess 
of chlorine, and then to get rid of the excess, as recommended by A. Klepl, by passing 
the product through a tube packed with pieces of antimony ; or, as refcommended 
by M.*Berthelot, by treating the gas with mercury. The gas thus purified can be 
liquefied by passing it into a tube surrounded by ice or a freezing mixture. T. -Wilm 
and G. Within used this method of preparation ; and J. Cathala devised a special 
apparatus for the synthesis. 

M. von Recklinghausen observed that at the moment of illumination the mixture 
expands slightly ; there is then a period of induction. .G. Dyson and A. Harden 
observed that there is £ well-marked period of induction with the gases dried by 
Sulphuric acid. The effect of the insolation 1 slowly disappears # when the insolated 
gas is placed in darkness. The period of i nduction is greatly diminished by admixture 
with air; but does not appear to be specifically affected by the presence of carbonyl 
chloride, hydrogen chloride, excess of carbon monoxide, carbon tetrachloride vap., 
or small amounts of watjgr vap. M. Wildermann showed that after, the, period of 
induction, the rate of combination is in accord with the mass law, being proportional 
to the cone, of the uncombined gases present. 1 G. Dyson and A* Harden stated 
that the phenomenon with a mixture of carbon monoxide and chlorine has probably 
the same explanation as in the case of a mixture of hydrogen and chlorine (2. 18, 5) ; 
and that the light exerts a specific action bn the chlorine in the presence of a gas 
with which it*can combine. D. L. Chapman an£ F. H. Gee fount? that the period of 
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induction isteftended by small quantities of nitric oxide, ozone, and nit Jbgen chloride 
Theytherefore explained the photochemical action to the use which the chlorine 
can make of the absorbed light-energy to effect the union -of the two gases before 
that energy ls.degraded to ineffective heat. The inhibitory gases hasten tin* process 
of energy degradation, and in consequence the chlorine becomes less ellicieyt. 

A. Coehn and H. Tramm found that the speed of tin? reaction is reduced by drying 
the gases, but the process invariably proceeds at an appreciable rate. J. Cathala 
found the presence of air tlnd carbon dioxide also retarded the speed of read ion. 

K. F. Bonhoffer Studied the photosensitive reaction CO-KV-COCL : and 
M. Bodenstein, the dynamics of the photochemical reaction. 

J. Davy did not succeed in making carbonyl chloride in quantity. by passing a * 
mixture of # the component gases through a red-hot earthenware tube, hut some 
of the Compound is formed under these conditions. M. Bodenstein and 
G. l)jnn»nt showed that the reaction CQ+CL^COCL* is reversible, and that 
above 800° the decomposition of the compound is complete. They found : 

503° 553° li(i:r filin’ 

Amount decomposed . . 67 80 !)l 100 per cent. 


The effect of time at 503° is illustrated by Fig. 39. 8. Bushman, and 
J. A. Christiansen discussed the thermal decomposition of carbonyl chloride ; the 
i j i_t j. j/l,. ii.,. ^ t 4.1.^ jcUt 7 ,.* / / 1 . where the 


latter found that the velocity of the reaction ds!dt=W where the 
constant h at different temp, is represented by 

log fc=—11420r~ 2 + 15*154. The thermal dis- 1 1 ITT ] ]'T~ 

sociation of carbonyl chloride was also studied | &Q 1" 

by R. H. Atkinson and co-workers. P. Sclmtzen- ^ __ as. _ ^ ^ «« 

berger found that carbonyl chloride is formed g 60 = 

when, the constituent gases are passed over J — ^ ^ 

spongy platinum at 300°— 400° ; and E. Patcrno, ^ 40 r— ~~ 

when these gases are passed over animal char- ^ ~/ g~j T 

coal. E. Paterno made the gas by passing a * zo J ■ 

rapid current of the mixed carbon monoxide <$; ( 0 \l — 1 ■ ■ — 1 l -J 

and chlorine at ordinary temp, over animal char- , 0 5 nmttl 

W; there is a rapid production rf oubmyl ^ Ur-BwMmy *at J ho Ro . 
chloride with the evolution of heart. K. rl. Atifin- action co+CI,*COCl 2 at 503?. 
son, C. T. Heycock, and W. J. Pope found that * . f xL . . 

for good yields special precautions must be taken in the preparation of the charcoal 
and that highly activated wood charcoal is even more efficient than bone charcoal, 
so that the catalytic reaction is effected 50° lower than is the case with a nnxtuip 
hydrogen and chlorine. E. Schering also favoured activated charcoal V. A. Plotm 
koff showed that carbonyl chloride is formed when carbon monoxide a^d chlorine 
are passed through a tube containing pieces of aluminium chloride at 30 -35; or, 
better, if the gaseous mixture is passed through a sat. soln. of aluminium chloride 
in chloroform. He also draws attention to the connection of this mode of preparing 
the gas with E. Baud’s complexes of aluminium and carbonyl chlorides. 

The union of carbon monoxide and chlorine has been Qiscussed by J. Scbid, 

R H. Atkinson and co-workers, and by A. 8. I#vroff. F Weigert found that 
although visible light accelerates both the decomposition and formation of carbonyl 
chloride, it is incapable of altering the percentege composition of the mixture m 
thermal equilibrium at temp, between 450° and ?10 . Hence he argued that the , 
effectof Ikht is catalytic. A. Cohn and H. Becker claim that this inference is not 
necessarily applicable to waves of. smaller wave-length m fte ultraviolet because 
these very refXible rays can decompose carbonyl chloride confined in quartz 
tubes. G. Kornfeld studied the radiations from the reacting system -vide carbon 

% ^Cwbonyl chloride is prepared by the adtion of carbon monoxide ou cMorinating 
agents. Thus, F. Gobel pade jt bypassing .carbon monoxide over red-hot silvet oc 



964 


INORGANIC AND THEORETICAL CHEMISTRY 


• 

lead chloride^ §nd A. W. Hofmann, by passing carbon monoxide into baling 
antimony peitfachloride. Carbonyl chloride is also made by oxidizing carbon 
tetrachloride. Thus, P. Schiitzenberger made it by passing a mixture o£ carbon 
tetrachloride and carbon monoxide or dioxide dvCr pumice-stone at 350° ; and by 
passing carbon tetrachloride over zinc oxide at 200°. H. Goldschmidt made it by 
heating carbon tetrachloride With water in a sealed tube at 250° ; H. E. Armstrong, 
V. Grignard and E. (Jrbain, E. Paterno and A. Mazzucchelli, J. Prud’homme, and 
P . Schtitzenberger, by the action of sulphuric anhydride at 100° on carbon tetra- 
chloride. According to E. Paterno and A. Mazzucchelli, the main reaction between 
fuming sulphuric acid and carbon tetrachloride is represented by the equation : 
CCl 4 -f 2S0 3 =rC0Cl 2 4-S 2 0 5 Cl 2 ; but there is a side reaction with the hot fuming 
acid: C01 4 + 4 S0 3 = 2S 2 0 6 C1 2 - j- C0 2 . V. Grignard and E. Urbain represent the 
reaction with pyrosulphuric acid: H 2 S0 4 ^C0C1 2 +2HC1S0 3 ; and 

with ordinary sulphuric acid, and kicsqlguhr as catalyst, 2H 2 S0 4 -p3CCl 4 *=3< | !(3Cl2 
-HHCl-f S 2 0 5 C1 2 , together with a slight secondary reaction : S 2 0 6 Cl 2 -f CC1 4 
=C0Cl 2 -f-2S0 2 Cl 2 . The presence of hydrogen chloride may be objectionable. 
G. Gustavson made carbonyl chloride by the action of phosphoric anhydride at 200°- 
210° on carbon tetrachloride : P 2 0 5 -f 2C01 4 - --C0 2 + 2P0C1 3 +C0C1 2 . II. Erdmann 
thus describes the preparation of carbonyl chloride by the sulphuric anhydride 
process : v 



Carbon tetrachloride (100 grins.) is heated to boiling on a water- 
bath in a flask furnished with a vortical reflux condenser ; 80 per 
cent, fuming sulphuric acid (120 e.c.) is run in drop by drop down 
tho condenser, so that each drop comes into intimate contact with 
the ascending vap. of the carbon totrachloride. The evolved car- 
bonyl chloride passes, by a tube fused at right jingles to the upper 
portion of the condenser tube, through cone, sulphuric acid contained 
in a wash bottle (which is surroundod by wator during the experiment) , 
and thence to a receiver surrounded by a freezing mixture. When 
all the fuming sulphuric acid has been run in, the globular flask is 
boiled over a free flame for five 
minutes. Tho yield of crude carbonyl 
chloride is 90 per cent, of the theo- 
retical. It is rectified, the boiling 
flask being heated by the hand. 
The accompanying product is a 
mixture of pyrosulphuryl chloride, 
S^0 6 C1|, and chlorosulphonic acid, 



Fig. 40V 


-H. Erdmann's Process for Preparing 
Phosgene. 


Carbonyl chloride is formed 
during the oxidation of chloro- 
form, CIIC1 3 . Thus, M. Adrian 
found that a little carbonyl 
chloride and hydrogen chloride is 


formed when chloroform in the presence of air is exposed to sunlight ; the reaction is 
retarded if ethyl alcohol be present. N. Schoorl and L. M. van,den Berg have shown 
that when chloroform^s decomposed by thq action of light in the presence of an 
excess of oxygen, carbon dioxide, water, and chlorine are formed, but that when 
insufficient oxygen is present, carbon , oxychloride and hydrogen chloride are pro- 
duced in mol. proportions. G. ^pssler observed the formation of carbonyl chloride 
when air and chloroform vap. are passed over a layer of potassium hydroxide. 
M. Schumburg, and R. Robert observed the formation of carbonyl chloride when 
chloroform is burnt in a* gas flpme ; and H. Erdiqann, and C. D. Harries, when ozone 
acts on well-cooled chlorofonn ; A. Emmerling and B. von Len^rel, by oxidizing 
chloroform with a mixture of sulphuric acid and potassium dichromate, a reaction 
which they represented by the. equation : 2CHCl 3 -f K 2 Cr 2 0 7 +5Ho80 4 =2C0Cl 2 
-j-2KHS0 4 4 ! Gr2(S0 4 ) 3 -f-Cl2-|-5H20 ; bht H. Erdmann said that free chlorine 
is ribt formed, and prefers : 2CHCl 5 -hCr0 3 +0^2CqCl 2 -f Cr0 2 Cl 2 -f H 2 0. J. Dewar 
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andfG. Cranston found that carbonyl chloride is formed when en.iimoHr nronurtiom 
of chloroform and chlorosulphomc acid are heated to 120°. * * 1 

J. Schiel noted that carbonyj chloride is formed when a -mixture of chlorine and 
carbon cI.ox.de is passed over redact carbon. G. Guatavaon observed that some 
carbonyl chloride is formed when anhydrous sodium carbonate i« heated in a sealed 
tube with phosphorous pentachloride; A. Emmerlihg and B. von Lengyel, when 
carbonyl sulphide is treated with chlorine at a red heat, or passed over molten- 
copper chloride or through boiling antimony pentachloride ; and P. Hehiitsenberger 
by the action of chlorine monoxide on carbon disulphide. H. Gautier found that 
chlorine gas does not act on chloral, but in diffused daylight or in direet sunlight 
a reaction occurs in a few hours wljiyh he symbolized: C01 3 .C0U+2( , lo -GCl, 
-fCOCl 2 -f-HCL According to W. Hentschel when trichloroi net hyl ehloroformate, 
CQCI.OCCI3, id* heated to 300° it decomposes into twice its vol. of carbonyl chloride! 
but «at *a dull* red heat it yields carbpn dioxide and carbon tetrachloride! 
H. Staudinger showed that oxalyl chloride decomposes, forming carbonyl chloride, 
and carbon monoxide when distilled through a glass tube heated to 6(H) 1 , or when 
boiled with aluminium chloride in carbon disulphide soln. A. Gahours found that 
bis-trichloromethyloxalate, CCl 3 .O.CO.CO.O.(X!l 3 , decomposes at- 350° 100' jnlo 
carbonyl chloride and carbon monoxide. L. Michalski found that some carbonyl 
chloride is formed when a mixture of carbon, calcium oxide and chloride is heated 
in the electric furnace, : CaO+CaCl 2 - -f 5C =2CaC 2 4-COCl 2 . S. Peacock made, it 
by passing air and chlorine over heated carbonaceous materials. 

Carbonyl chloride, said J . Davy, is a colourless gas with a smell “ more suffocating 
than that of chlorine, and it occasions a very painful sensation in the eyes.” It 
does not fume in air. W. Wahl found that carbonyl chloride crystallizes homo- 
geneously. On Pooling, the liquid becomes supercooled, and, as a rule, an unstable 
modification crystallizes out of the supercooled melt. If cobled rapidly, the growth 
of this modification may be entirely arrested and the, remainder of Ahe mMt becomes 
quite viscous. If the preparation is allowed to become warm after the unstable 
modification has been formed, a transition into the stable form very soon takes 
place. When this again is partially melted, it crystallizes readily on cooling. The 
stable, modification possesses a high double-refraotion, but isotropic sections also 
occur. It belongs, therefore, either to the tetragonal or hexagonal system, but it 
has not been possible to determine to which of the two, as the cleavage 1 is not very 
distinct. The optical character of the stable modification iS positive. The unstable 
modification possesses an* extremely high double-refraction and shows parallel 
extinction.* It is probably orthorhombic. J. Davy gave for the vapour density 
of the gas, 3*6808 ; T. Thomson, 3 4249 ; and A. Emrneriing and B. von LeqgyeH 
3*505 at 0° and 760 mm. A. F. O. Hermann and V. Jersey gave l*47o8 to *4 5263, 
A. Emrneriing and B.‘ von Lengyel found the gas readily condenses to«a colourless 
liquid of specific gravity 1*432 at 0°/4°, or 1*392 at 18*6°/4° ; W. H.*Pftrkin gave 
1*4204 at 0°/4°, and 1*4115 at 4°/4° ; and E. Beckmann and F. Junker, 1*42 at 
8*2° — vide infra . E. Paterno and A. Mazzucchelli made observations or the sp. gr. 
between —15*4° ahd 59*9° ; and they represented the sp. gr., 8, at 0°, by 
$==1*4264—0*002326$. 11. H. Atkinson, and co-workers gave for the mean cooff. of 
cubical Cranston of the liquid between —79° and f 49*9°, 0*00177. A. F. O. Her- 
mann and V. Jersey found tho vapour pressure at 0°~552 mm. N. V Nikitin 
found the vap. press, of carbonyl chloridfe to be $89*2 mm. at 12*6° ; 540*4 mm. at 
—0*41° ; 232*2 mm. at —19*43° ; and at —94*2°, a few tenths of a mm. R. H. Atkin- # 
son, C. T. Heycock, and W. J. Pope found for the vap. press, p mm., and density D : 

• —110° -80° • --5T —20° *0' J * +»>’ MO’ +50° 

p - - - — 4 47*5 226 568 1212 — 388300 

D . 1*085 1-617 1-549 1 481 1-435 *1-388 1 338 1*314 

E. Paterno and # A. Mazzucchelli represented fhei& measurements ‘between ‘—23° 
and 26°, by log p=7*5995— 1326J T ~ l , where p represents the press, in mm. of 
mercury, and T denotes tlfe absolute temp! N. l t Nikitin also measui^d the 
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vap. press, bttw^en —99° and 12'6°. The central constants were discussed by 
S. F. Pickering* L. Hackspill and M. Mathieu gave 183° ±0*5° for the critical 
tempera^pre, and E. Paterno and A. Mazzucchejli, 187° ; ‘the last-named found for 
the critical density, 0*5135 ; and the critical pressure, 51*5* atm.- The law of 
rectilinear diamettfs applies to this compound, and the equation of the line below 
111 0 , is 1*4277—0*002140, and above 111 0 , 1*43^0— 0*00220. H. Erdmann gave 
*—118° for the melting point ; R. H. Atkinson and co-workers gave —104° ; S. von 
Wroblewsky and K. Olszewsky, — 103*5° < and R. H. Alfkinson and co-workers gave 
—126° to —128°; A. Emmerling and B. von Lengyel, 8*2° at 756*4 mm. for the 
boiling point ; E. Beckmann and F. Junker, 8*2° at 756 mm. ; and E. Paterno 
and A. Mazzucchelli, 8*02® at 760 mm. M. Berthelot gave for the heat Qt formation 
from amorphous carbon, (0, 0, OI 2 )— 4^*1 Cals., at constant press. J. Thomson gave 
55*14 Cals. ; and for the heat of formation, (CO, Cl 2 ), M. Berthelot gave 18*8 Cals, ; 
J. Thomson, 26*14 Cals. ; and M. Bodenstein and G. Dunant, 23*0 Cals. E. Beck- 
mann and F. Junker gave 29° for the mol. rise of the b.p. F. Weigert examined the 
absorption spectrum. A. Emmerling and B. von Lengyel gave 3*936 for the index 
of refraction ; and W. H. Perkin, 1*0295 for the specific magnetic rotation, and 
4*003 for the molecular magnetic rotation at 2*8°. Y. Henri studied the 
absorption spectrum of the vapour. 

R. H. Atkinson, C. T. Heycock, and W. J. Pope gave the following data for the 
solubility of carbonyl chloride expressed in grams per 100 grms. of solvent : toluene , 
at 17*0°, 23*5°, 30*5°, and 31*5° : 244*7, 124*2, 79*38, and 74*48 respectively ; coal- 
tar xylene, at 12*3°, 16*4°, 16*9°, 23*£°, and 29*8° : 457*3, 225*6, 217*9, 103*4, and 
71*24 respectively; creosote oil, at 16*2°: 77*42; petroleum boiling at 180°~280°, 
at 1#*3°, 15*8°, 16*7°,. 22*4°, 23*7°, 29*9°, and 30° : 263*8, 163*1, 143*4, 79*5, 71*2, 
49*2, and 48*6 respectively ; heavy lubricating oil, at 15*6°, 23*5°, &nd 31*0° : 79*7, 
39*3, and 24*5 respectively; nitrobenzene, 106 4 at 16*8°; a-chloronaphthalene, 
104*5 at If 0° ; chlorobenzene, at 12*3°, 16*6°, 16*7°, 24*2°, and 29*7° : 422*1, 204*3, ‘ 
221*6, 99*9, and 81*9 respectively ; acetylene tetrachloride, at 16*8°, 25*1°, and 
29*9° : 149*7, 89*4, and 74*9 respectively. Toluene, coal-tar, xylene, and chloro- 
benzene are by far the best solvents of those examined, and in view of their 
elevated b.p. would appear to offer most advantages as scrubbing agents for effluent 
gases ccfhtaining carbonyl chloride. Ordinary burning petroleum boiling at 180° 
to 280° is the next best solvent, but heavy mineral lubricating oil and acetylene 
tetrachloride are not quite so good. N. W. Taylor and J. H. Hildebrand made some 
observations on this subject. C. Baskerville and P. W. Cohen gave the results 
indicated in Table XIX. M. Berthelot found carbonyl chloride to be very sparingly 
dbluhle # in cold water ; and readily soluble in benzene, toluene, and other hydro- 
carbons, as welj as in glacial acetic acid. 


Tablk XIX. — Solvents for Carbonyl Chloride. 


Solvent. 

Wt. of solvent 
grma. 

♦ 

Wt. COClj 
absorbed grins. 

, Wt. ratio of 
COCl 2 : *blvent. 

Reaction. 

Carbon tetrachloride 

* 79*6 

22 

1:3 6 

. 

None 

Chloroform . 

. j 49*4 » 

29 

1:1*7 

Change 

Gasoline 

. , 37*0 

30 

1 : 1*2 

Change 

Paraffin oil . 

. ! *34*6 

0 

0 

None 

(Buasian fnineral oil 

. r . ; 30*1 

108 

1:2*8 

None 

Benzene 

. •• 43-9 

« 43*6 

1:1 

None 

Toluene 

. •' . 1 503 

1 33*5 

1:1*6 * 

Change 

Glacial acetio acid 

31*4 

i 19*6 

1 : 1-8 

Change 

Ethyl acetate 

. • . 205 

202 

1:1 

None 

Chlorocoeane 

* M- 

\ j 26*2 

i. 7 ' 8 

1:3*2 

None 


• J^Davy said that carbonyl chlbride. is not discomposed by hydrogen ; neither 
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hydrogen nor oxygen singly produces any effect when the mixture is%>arked, but 
when a mixture of 2 vols. of hydrogen, one of oxygen, and twp of carbonyl chloride is 
sparked, hydrogen chloride and oa^on dioxide are formed. B. Humiston found 

* fh&t fluprine furnishes some carbonyl fluoride when it reacts with phosgene. Car- 
bonyl chloride dissolves ozone, forming a blue liquid. E. Paterno afcd A. MazzucchcHi 
found that below 0°, carbonyl chloride dissolves large proportions of chlorine, 
forming at —15°, a golden^yellow liquid with 28' 3 per cent, of free chlorino, 
A. F. 0. Germann and V. Jersey measurcd'the m.p. curve of soln. of chlorine and 
carbonyl chloride, and found a eutectic with 25 molar per cent, of chlorine, and 
angular points with 6, 11, 50, 63, 75, and 91 molar per cen£. of chlorine. These are 
taken to indicate the existence of a series of chlorocarbonyl chlorides— 0Ori 2 : Cl 2 
as 16 : 1, 8*: 1, 1 : 1, 3 : 5,*1 : 3, and 1 : 10— which dissociate at the m.p. The second 
corresponds with octohydrated chlorine. J. A. Besson found that hydrogen iodide 
readily dissolves in liquid carbonyl chloride, but even when cooled with ice and 
salt, there is a violent reaction with the liberation of iodine. M. Delepinc and 
L. Ville found that carbonyl chloride slowly liberates iodine from an aq. soln. of 
potassium iodide. J. Davy found that carbonyl chloride reddens litmus ; and 
J. Davy, and M. Berthelot found that it is slowly decomposed by cold water and 
rapidly by hot water : COCl 2 -f 2H 2 0™2HCl4-H 2 C0;} ; and the carbonic acid then 
decomposes into carbon dioxide and water. Hence carbonyl chloride, GOCLj, can 
be regarded as a chloride of carbonic acid, CO(OH)o. M. Berthelot considered that 
carbonyl chloride dissolves unaltered to the extent of 2 to 3 vols. in water, and that 
it reacts with the water only slowly ; but V. Grignard and K. Urbain, and K. Paterno 
and A. Mazzucchelli found that the chloride cannot exist for an appreciable time in 
contact with watjpr without forming carbonic and hydrochloric acids. In the ease 
of gaseous carbonyl chloride, carbon dioxide forms an inert separating layer at the 
surface of the liquid ; and in the case of liquid carbonyl chloride, tlnj water in 
immediate contact with the carbonyl chloride is sat. with hydrochloric acid and 
this retards the reactiqn. The action is therefore immediately dependent on 
diffusion. Acids retard the reaction between carbonyl chloride and water. Attempts 
were made to measure the speed of the reaction. *W. D. Bancroft has discussed 
the reaction COCl 2 -f- H 2 0— C0 2 f 2HC1 which is irreversible, and with an excess 
of water goes to completion, but in hydrochloric acid, the rato of hydrolysis is 
negligibly small. With alcohol, carbonyl chloride yields, ethyl chlorocarbon^te, 
COCl(OC 2 H 6 ), and ethyl carbonate, (T)(00 2 H 5 ) 2 . 

E. Beckpiann and F. Junker found that at a low temp, liquid carbonyl chloride 
acts as a solvent. It dissolves iodine; iodine trichloride; arsenic trichloride; 
antimony tri- and pentachlorides ; sulphur chloride ; and many organic substfuwes; 
but if does not dissolve red phosphorus ; arsenic ; arsemous oxide ’ f boric oxide ; 
antimony; bismuth; stannous chloride; sulphur; selenium and it%* chlorides ; 
potassium ; sodium ; calcium ; the thiocyanates ; sulphides, and sulphates of 

* the alkalies ; zinc chloride ; ferric chloride and sulphate ; chromic chloride, mer- 

curic chloride and iodide ; cuprous and cupric chloride ; lead chloride and chromate ; 
or silver chloride. • 

H. V. Regnault found that the aq. soln. with cone, hydrochloric acid gives carbon 
dioxide. According to E. Baud, aluminium chloride dissolves in liquid carbonyl 
chloride, and on evaporation of the soln, at the ordinary temp., there refnains a 
Colourless liquid which solidifies at —2° and has the composition 2 AICI 3 . 5 COCI 2 . . Its 
diss ociation tension is equal to 760 mm. at 30°. By removal of carbonyl chloride, 
the compound 2A1C1 8 .3C0C1 2 is formed ; this has a dissociation tension of 760 mm. 
at 56°. On further removal of carbonyl chloride, the compound 4 Al(dj,0OCbj is 
obtained in the form of silky needles which do not decompose to an appreciable 
extent below 750°. The last two compounds are formed when aluminium chloride 
is distilled in a curtent x>f dry carbonyl chlcrtide, and also when the vap: # of alunuftium 
chloride is led by means of a curtent of carbolic oxide through a red-hot tube. 
♦These two compounds ale preSenb in commercial aluminium chloride. J . A. Bessdn 
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found that wle»a soln. of aluminium bromide in carbonyl chloride is exposed to 
light, or heated at 100°~150°, bromine and carbon « monoxide are liberated. 

A. von Bartal found that aluminium chiorobromide is a product of the action of 
carbonyl chloride and molten aluminium bromicfe at 100° : AlBr 3 -f COpU^CO-f- 
-p-AlClgBr, while tile action of an excess of liquid carbonyl chloride furnishes carbonyl* 4 
chiorobromide, COCIBr. He also obtained a complex product of the composition, 
A1 3 C 2 0 2 C1 2 I, by the action of carbonyl chloride on* molten alu m i n i um iodide, 

J. A. Besson, and A. von Bartal studied the action of Doron bromide. The former 
said that if boron bromide is heated in sealed tubes at 150° for about 10 hrs. with 
half its weight of carboqyl chloride, almost the whole of the carbonyl chloride is 
decomposed, ‘and the liquid remains colourless provided the temp, has not materially 
exceeded 150°. The product yields two fractions, SOMO* and 60°r70°, 1 the latter 
or both containing a liquid which is only slowly attacked by water. % If these 
fractions are added slowly to a soln. of ‘sodium thiosulphate cooled to 0°, and the 
oily liquids that separate are again distilled, they yield respectively carbonyl 
chiorobromide and carbonyl bromide. 

J. Davy sublimed sulphur in carbonyl chloride without change. J. A. Besson 
found that under press, and at 200°, hydrogen sulphide furnishes carbonyl sulphide : 
COCl 2 -f-H 2 S= COS+2HC1: Borne sulphur and carbon dioxides are also formed , 
and hydrogen selenide at 200° gives selenium, hydrogen chloride, and carbon 
monoxide ; and at 230°, the selenium acts on the excess of carbonyl chloride pro- 
ducing selenium chloride. J. Nuricsan found that carbonyl chloride reacts with 
cadmium sulphide at ordinary temp., or better at 260°-280°, forming carbonyl 
sulphide. H. V. Regnault found that the aq. soln. with cone, sulphuric acid gives 
carbon dioxide. E. Paterno and A. Mazzucchelli found the reactivity of aq. eoln. 
of sulphuric acid witfy carbonyl chloride decreases continuously with increasing 
cone, of tjie acid, and with fall of temp. According to E. Chauvenet, carbonyl 
chloride attacks •metallic sulphides between 300° and 450° in accordance with the 
equation MS-f CO(1 2 ~MCl 2 +(JOS. The ease with which sulphides are thus con- 
verted into anhydrous chlorides furnishes a useful method for the treatment of 
minerals in analysis. The process is also suitable for preparing carbonyl 
sulphide. 

J. Davy noted that carbonyl chloride unites with ammonia, “ forming a salt 
perfectly neutral and Rry, but deliquescent by attracting moisture from the air. 
It is remarkable that in the formation of this ammoniacal salt, the gas combines 
with as much as four times its bulk of ammoniacal gas.”* The product of the action 
is carbamide or urea : GDCl 2 +4NH 3 =CO(NH 2 ) 2 -f 2NH 4 C1. There are numerous 
^products of side reactions studied by A. Hantzsch and B. C. Stuer, B. Natanson, 
H. V. Regnault, and (4. Bouchardt. According to L. Gattermann and G. Schmidt, 
when dry Carbonyl chloride is passed into ammonium chloride heated to 400°, 
chloroformamide distils over. A. Hantzsch and B. C. Stuer showed that if the liquid 
obtained by the action of aq. hydroxylamine on carbonyl chloride, be treated with , 
nitrous acid, carbon dioxide, nitrous oxide, and water are produced ; but if the opera- 
tion be conducted in methyl alcohol, there is evidence of the formation of hyponitrous 
acid. H. V. Regnault found that the aq. soln. with cone, nitric acid gives carbon 
dioxide. J. Davy said phosphorus can be sublimed unchanged in carbonyl chloride. 
J. A. Besson found that carbonyl chloride has virtually no action on phosphine ; 
in the cold, there is a slow reaction with phosphonium bromide, but a rapid one 
*• at 50°,*and in sealed tubes the. action is complete in a few hours. The products 
are hydrogen chloride^ hydrogen bromide, hydrogen phosphide, carbon mon- 
oxide, and solid yellow hydrogen phosphide; phosphonium ioditfc reacts slowly 
with the chloride at 0°, and in sealed tubes between 0° and 10°, the action proceeds 
somewhat rapidly with production of hydrogen chloride, carbon monoxide, phos- 
phorous iodieje, P^I 4 , and red phosphorus, which retains about 10 per cent, of 
iodipe, seemingly in the form of, a subiodidei H. M. Bunbury measured the 
adsorption of carbonyl chloride by birchwood, cHhrcoal and observed at the* 
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chatcoaA 88 * 8Iam8 ° f carbon >' 1 chlu «d« adsorbed by gnus, ol 


730 

1*385 


217 

0*985 


147 

0*962 


100 ° 


50 

0*715 


2*7 

0*428 


1596 m rn mm, 

■ 0*940% 0*693 0*420, 


\ COCi a 

The results can be represented by the usual formula x/»i^O-255p uai at 18°, and 
' Gp*— 0 038 p° 188 at 100°. Tljp rate of adsorption-at 14° in the presence of 0-1434 aim. 
of carbonyl chloride is : * 


i lme 6 8 . 10 12 18 min. 

Press 160 115 100 . 94 91 „ 

J. Davy found that when zinc, tin, arsenic, antimony, or potassium is heated iu 
carbonyl^ chloride, the chloride of the metal and carbon monoxide are formed. 
The decomposition is effected in a few minutes, without explosion or ignition ; in 
ihe case of potassium, some carbon monoxide is decomposed and carbon deposited. 
O. W Richardson measured the ionization which occurs during the act ion of carbonyl 
chloride on potassium-sodium alloys. R. H. Atkinson and co-workers suggest that 
the action on mercury may be symbolized : 2Hg+C0Cl 2 =C04 2HgCl. U. Detfpino 
and L. Ville showed that if a little free chlorine is present, carbonyl chloride slowly 
attacks iron, and this is the source of the yellow colour of the commercial liquid. The 
liquid, free from chlorine, dissolves iron-rust. When zincoxide is similarly treated, zinc 
chloride and carbon dioxide are formed. According to E. Chauvenet, when the oxides 
of the metals are heated in a slow current of carbonyl chloride at a temp, varying from 
about 350° in the case of vanadium oxide, to 650° in the ease of thoria, the chlorides 
are formed. Chlorides of the following elements have been prepared in this vfpy: 
vanadium, tungsten, tantalum, titanium, zirconium, thorium, tin, barium, mag- 
nesium, zinc, beryllium, aluminium, iron, chromium, manganese, nickel, uranium, 
cerium, yttrium, and lanthanum. An excellent yield of the anhydrops higlfer chloride 
was obtained in each instance, except with tungstic oxide, when the oxychloride 
was formed, and in the case of titanium, when a mixture of chloride and oxychloride 
was produced. The method is specially suitable for, preparing the chlorides of the 
rare-earth metals. Silica is not attacked by carbonyl chloride. The reactions 
were also studied by F. P. Venable and D. H . Jackson. It was useil by C, Baskerville 
for decomposing zircon, and thorianite, and in preparing oblorides from alumina, 
ceria, zirconia, and thoria. C. Baskerville mentioned that heated silica bricks 
were bleached in contact with heated phosgene owing to the removal of iron ; and 
sand could* be likewise freed from ferruginous pigments. E. W. Washburn and 
E. E. Libman recommended the reaction for removing iron from zirconia. # * 

JrBarlotand E. Chauvenet also showed that carbonyl chloride will attack numerous 
natural phosphates, such as vivianite, pyromorphite, uranite, and manazitc, and 
natural silicates, such as thorite, gadolinite, cerite, and zircon, yielding irt ,i ach case 
the anhydrous metallic chloride. The phosphates are attacked at temp, between 
300° and 500°, whilst th§ silicates require temp, above 1000°, emerald not being 
decomposed at 1400°. This reaction forms a ready method of analysis of such 
minerals, and also, of .preparing anhydrous metallic chlorides from these minerals. 
W. Gintl found that * carbonyl chloride reacts* with silver cyanide* forming 
silver chloride, and cyanogen chloride. Numerous reactions between carbonyl 
chloride and organic compounds have been » studied ; - and this reagent is 
employed in the manufacture of organic dye-stuffs, apd some pharmaceutical , 
products. D. lo Monaco studied the adsorption *by straw, hay, grass, leaves, 
sawdust, cottol, charcoal, etc.* E. Paterno and. A. Mazzucchelli found that 
carbonyl chloride is absorbed with avidity by heavy lubricating oils, and expelled 
rapidly and almost completely by a current of air. Its physiological action has 
been described b£ R. Robert, and by !t.*Miiller: . 

J. Schiel 2 found that some carbonyl bromide, C0Br 2 , is probably formed when 
a mixture of the vap. obbromfne and ca/boa monoxide is exposed to sunlight. f • The 
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rate of combination of the gases was found by A. Piva to depend on the proportion 
of moisture present, and when special care is taken to dry the bromine and carbon, 
monoxide, the velocity of the change is extremely low. Were complete absence of 
moisture attainable, it appears probable, but is’not certain, that no Reaction would 
oocur. The reaction yields carbon dioxide and hydrogen bromide as final products, 
and takes place in two stages, CO-f Br 2 =COBr 2 and C0Br 2 -f-H 2 0— C0 2 -f 2HBr* 
In the first stage, equilibrium is reached with a small cone, of the carbonyl bromide 
which must be removed as it is formed in order that' the reaction may continue. 
K. F. Bonhoffer studied the photosensitiveness of the reaction COBr 2 =CO-{-Br 2 . - 
A. von Bartal obtained a small quantity of carbonyl bromide by the action of bromine 
on carbon monoxide in the presence of aluminium bromide, or by the action of the 
silent discharge. A. Brochet possibly obtained it by the Action of bromine on tri- 
oxymethylene, CH 2 : (O.CH 2 ) 2 : 0. A. J. Besson found that impure /mrbdnyl 
bromide is produced by heating at 150° admixture of boron tribromide or phosphorous 
tribromide and carbonyl chloride for 10 hrs .—vide supra. A. Emmerling, and 
A. von Bartal prepared it by oxidizing bromoform with potassium chromate and 
cone, sulphuric acid in a flask with a reflux condenser. The liquid bromide was 
rectified by slow distillation over antimony. The latter considers that the best 
method of preparation is to allow sulphuric acid of sp. gr. 1*84 to drop slowly into 
carbon tetrabromide at 160 c -170°. The red distillate is then shaken with mercury, 
distilled, shaken with powdered antimony, and again distilled. The yield is 
50-60 per cent. 

At ordinary temp., according to A. von Bartal, carbonyl bromide is a heavy, 
mobile, colourless liquid, which fumes in air, and smells like carbonyl chloride. 
A. J. Besson gave 6*60 for the vap. density ; and 2 48 for the sp. gr. of the liquid 
at 0° ; A. von Bartal gave 2'45 for the sp. gr. at 15°. A. Emmerling gave the b.p. 
between 12° and 30° ; 1 A. J. Besson, 63°-6§° ; and A. von Bartal, 64°-65° with 
slight decomposition. The last-named also said that the compound is decomposed 
by light or heat. It is decomposed by water, but rather more slowly than is the 
case with carbonyl chloride. It is very sensitive towards oxidizing agents. The 
vap. attacks caoutchouc very .quickly. It also reacts readily with many organic 
compounds, and has been used in the preparation of dye-stuffs. 

As ihdioated above, A. J. Besson made carbonyl chlorobromide, COBrCl, by the 
action of boron bromide on carbonyl chloride ; and A. von Bartal made it by heating 
equal weights of carbonyl chloride and aluminium bromide in a sealed tube at 
140°~145°. The colourless or slightly yellowish liquid has a smell like that of 
carbonyl chloride. A. J. Besson gave 4 85 for the vap. density ; and T98 for the 
bp. gr. r at 0°. A: von Bartal gave 1*82 for the sp. gr. at 15°, and 25° for the b.p., 
whereas A. J., Besson gave 35°-37° for the b.p. According to A. von Bartai, the 
chlorobrom&jje attracts moisture from the air, and the liquid thereby becomes 
turbid ; it is coloured yellow by exposure to sunlight. Carbonyl iodide, COI 2 , has 
not been prepared. As previously indicated, H. Moissan found that fluorine does 
not react in the cold with carbon monoxide ; and S. B. Cowardins showed that 
iodine and carbon monoxide do not react when heated or when exposed to sunlight ; 
nor does carbon monoxide reaot with lead iodide or arsenic pentaiodide. When 
oarbonyl chloride is gradually added to cooled arsenic trifluoride, W. Steinkopf 
and J. Herold found that carbonyl flfloride, COF 2 , was formed. It solidified in 
liquid air, and boiled at —150° to «-160°. B. Humiston also prepared some carbonyl 
.fluoride’ by the action of f^orine on carbonyl chloride. 
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§ 29. Carbonyl Sulphide 

In 1841, J. P. Couerbe 1 studied the {n*>ducte 'obtained when the xanthate* we 
Subjected to dry distillation, and h| reported that a gas which he called mntkin, 
COSHj was given off. At. Fleischer and ,W. Jtlanke found that the alkali xantfekeft 
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furnish the fneicaptan, the two ethyl sulphides, carbon disulphide, and carbonyl 
sulphide, whan the anhydrous salts are used ; and mercaptan, the two ethyl sul- 
phides, .carbon disulphide, carbon dioxide, and hydrogen sulphide when the hydrated 
salts are employed. They therefore suggest *that the xanthin gas obtained by 
X P. Couerbe w«te really carbonyl sulphide contaminated with hydrogen sulphide « 
and mercaptan vapour. J. V. Couerbe did not isolate the pure gas. Up to the time 
of C. Than’s discovery, 1867, carbonyl sulphide was regarded as a mixture of carbon 
dioxide and hydrogen sulphide. In that year, C. Thai showed that when a mixture 
of sulphur vap. and carbon monoxide is passed through a moderately heated tube, 
a compound is formed corresponding with carbon oxysulphide , or carbonyl sulphide, 
COS. C. Than showed* that carbonyl sulphide probably occurs in some hepatic 
waters ; and A. W. Hofmann, ,H. Kolbe, and F. Salomon showed thai this compound 
is also present in volcanic gases, and in the sulphuretted waters of volcanic districts. 

It is possibly formed by the reaction 8C0 2 +9H 2 S“3C0S-f 5CO-f H 2 -|-8H 2 Q-f- 6S, 
a reaction which can be imitated by passing a mixture of carbon dioxide and hydro- 
gen sulphide through a red-hot tube. Carbonyl sulphide also occurs in the products 
of tho decomposition of some organic substances. 

G. Chevrier said that when a mixture of sulphur vapour and carbon 
monoxide is sparked, carbonyl sulphide is formed, but F. Gonzalez and E. Moles 
obtained none at 110 o -260° under atm. press, or under reduced press. They explain 
that the statement is based on the result obtained when moisture is present. C. Than, 

P. Klason, C. Bender, and L. Uosvay de N. Ilosva, made carbonyl sulphide by the 
action of potassium thiocyanate on dil. sulphuric acid. The thiocyanate is first 
resolved into thiocyanic acid, and the acid is then hydrolyzed to carbonyl sul- 
phjde and ammonia : HCNS-f H 2 0=C0S-f NH 3 ; the ammonia then unites with 
tho excess of acid present : KCNS+H 2 04-2H 2 S0 4 -C0S-f KHG0 4 +(NH 4 )HS0 4 . 

P. Klason recommended the following procedure : 

Fifty <?.c. of a vone. aq. soln. of potassium or ammonium thiocyanate aro added to a cold 
mixture of 290 c.c. or 520 grins. of cone, sulphuric acid, and 400 c.c. of water. The gas 
contaminated with about 2*5 per cent, of carbon dioxide and 0'05 per cent, of carbon 
disulphide is given off at 25°. A. W. Hofmann recommended passing the gas through an 
ethereal soln. of t notify lphosphine to free it from carbon bisulphido. I*. Klason found that 
the absorption of this latter is much more rapid and complete if a small quantity of pure 
triethylphoBphine <is used instead of a soln., the gas being then passed through puro 
sulphuric acid to free it from traces of the phosphine. Carbon oxysulphide is only 
absorbed very slowly by* a 33 per cent. aq. soln. of potash. If the gas obtained as above 
is passed slowly through about 20cms. of such a soln., tho whole of the carbonic anhydride 
is absorbed with a loss of only about 7 per cent, of the oxysulphide. 

'•Cprbonyl sulphide was made by F. G. Reichel by passing carbon monoxide over 
heated magnesium sulphate ; A. Cossa, G. Chevrier, and M. Berthelot, by the aotion of 
carbon diepide on boiling sulphur : 2C0 2 -f 3S— 2COS-f S0 2 ; A. Gautie;, by passing a 
mixture of hydrogen sulphide and carbon dioxide through a red-hot tube ; A. J. Besson, 
by heating carbonyl chloride and hydrogen sulphide at 200° under press. ; J. Nuricsan, 
and F. Weigert, by passing carbonyl chloride over cadmium sulphate at ordinary 
temp, or better, at 2§,0°-280° ; and A. Gautier, by passing Hydrogen sulphide and 
carbon monoxide over china clay contained in a porcelain tube at a bright red heat. 
The issuing gaB contains 60-64 per cent, of carbonyl sulphide, 35-39 per cent, of 
carbommonoxide, about one per cent. 6f carbon dioxide, traces of hydrogen sulphide, 
and the excess of catbon disulphide . The proportion of carbon monoxide is lower, 
and the proportion of carbonyl sulphide higher, the higher the temp. The products 
are passed into a flask half filled with ice-cold water, which condenses the greater 
part of the disulphide ;* themthrough potassium 1 hydroxide, whichabsorbs hydrogen 
sulphide and carbon dioxide ; then through acidified cuprous chloride, which absorbs 
carbon monoxide, and finally through a 12-per-cent. soln. of aniline in alcohol, 
and over pumice and sulphuric Acid. AKoholic aniline has im action on carbonyl 
sulphide, but readily absorbs carbon disulpfyjde. The tube contains crystals of 
talicpn sulphide, etc. Alumina can be uapd in place of china clay, but it becomes 



CARBON 


973 

finely divided and difficult to manage ; zinc oxide also furnishes 
but copper, iron, and lead oxides do not. C. Bdttinger used a 
marine and carbon in plac£ of china clay. 

ma ^ e ca ^°nyl s^phide by passing a mixture of carbon ‘dioxide 
and dwulphide over heated magnesia. J. Dewar and G. Cranston found carbonyl 
sulphide is formed by heating carbon disulphide and chlorosulphonic acid in a sealed 
tube at 100 ; H. E. Armstrong, by heating sulphur trioxide and carbon disulphide 
in a sealed tube at 100° : SSOcjpf CS 2 ==C 0 S-f- 4 S 02 > or chromic anhydride and carbon 
disulphide at 180 ; T. C&rnelley, by passing a mixture of alcohol vap. and carbon 
disulphide over red-hot copper when ethylene and acetylene are formed along with 
the carbonyl sulphide ; C. Winkler, by passing a mixture of carbon dioxide and 
disulphide of er red-hot platinized asbestos ; A. Ladenburg, by heating in a sealed 
tube, carbon disulphide and carbamide at 110°, or With oxaniide at 200°, or with 
apetavnid* at 210°; A. R. Hantzsch, by heating a mixture of triethylphosphine 
and carbon disulphide, (G 2 H 5 )gP.CS 2 , with acetic, propionic, or butyric acid; 
A. Ladenburg, by heating thioacetic acid to 300°, and by passing carbon disulphide 
over ethyl isocyanate ; A. W. Hofmann, by shaking allyl thiocyanate with cone, 
sulphuric acid ; and F. Salomon, by treating Bender’s salt, OoHaO.FO.SK, 
with hydrochloric acid, SK.CO.OC 2 H 6 4-HCl -GOS-fKOl f-C 2 H 5 OH.“ J,. Uosvay 
de N. Ilosva used potassium ethyl thiocarbonatc and sulphuric acid. N. 1). Costeanu 
found carbonyl sulphide is formed when dry carbon dioxide, acts on the alkali 
sulphides at 220°. According to A. Stock and E. Kuss, carbonyl sulphide in a 
highly purified condition can be most conveniently made by the decomposition of 
ammonium thiocarbonate, NH 4 .CO.SNH 2 , by means of an acid: NH 4 .CO.SNH 2 
•f 2HC1=C0S-|-2NH 4 C1. There is a simultaneous hydrolysis of a little carbonyl 
sulphide into casbon dioxide and hydrogen sulphide : COS f ILjO^COg-f H 2 S, 
but these impurities can be removed by alkali which doeS|not appreciably affect 
the carbonyl sulphide. The gas is free from carbon disulphide which contaminates 
the gas prepared from a thiocyanate and acid. 

A short-nocked, 750 c.c. flask with 500 c.c. of a 10 per cent. soln. of hydrochloric 
acid is fitted with a wide tube A, Fig. 41, 12 mm. bore, connected by a rubber connector 
with a small flask B containing 20 grins, of ammonium tflioearbonate. 

A stream of dry hydrogen is led through the apparatus by the inlet 
tube (J, and exit tube D. The tube D is connected with an ordinary 
wash bottle with 50 c.c. and two 10 bulb tubes with 40 c.c. of a 33 per 
cent. sola, of soda-lye. If the lye is more dilute, more gas is decomposed. 

Following on in the train aftej; the soda-lye is a calcium chloride tube, 
a U -tube poqkod with glass wool and phosphorus pontoxide, and finally 
a U-tube dipping in liquid air for condensing the carbonyl sulphide. 

The flask B is turned so that the salt enters the apparatus at the rate 
of ab(yit a gram per minute, and the gas comes off rapidly, uniformly, 
and without any partitular rise of temjierature. The stream of 
hydrogen prevents any marked decomposition of the moist gas by the Fig. 4/. — Prepara- 
soda-lye, and also keeps the tube A clear. The liquid carbonyl sulphide t»on of Carbonyl 
is then fractionally distilled in vacuo. The first fraction at -60° con- Sulphide, 
tains so small a quantity of carbon dioxide that if all were distributed 
in the resulting gas, »the iihpurity would be only 0 03 per cent, by volume. Hydrogen 
sulphide was not present. All the subsequent fractions have th<* tension of pure carbonyl 
sulphide. The yield js 6fi’5 per cent, of the theoretical. 

L. Ilosvay de N. Ilosva emphasized th# the physical and chemical properties 
of carbonyl sulphide come midway between those of carbon dioxide and ca'rbon 
disulphide. P. Klason said that the purified gas is colourless and has nq smell. 
W. Wahl found that carbonyl sulphide crystallizes in extAmely fine needles, which * 
grow- with greqf rapidity. The double-refraction of theae needles is Very high, 
and they always extinguish the polarized light when parallel to the principal sections 
of the nicols. The needles are thus either tetragonal, hexagonal, or orthorhombic, 
but it has not been possible to find aiy experimental evidence from which, con- 
clusions might b<? drawn as to which of ‘these cryslal systems carbonyl sulphide* 
belongs. No polymorphic cfcang£ has been , observed above —200°. C. Thqn 
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said that the vap. density is 2*1046 (air unity). L. Rosvay de N. Horn found the 
mean coeff. of expansion of the gas between 0° and 100° to be 0*0037317 at constant 
vol., and 0*0037908 at. constant press. The gas condenses to a colourless, mobile, 
highly refractive liquid, which, according to A.fStock and E. Kuss, has a sp. gr. of 
1*24 at —87°. C. J. Smith found the viscosity of the vap. in C.G.TS. units to be 
00001135 at 0°, fi'0001200 at 15°, and 0*0001554 at 100° ; the viscosity constant 
in W. Sutherland’s formula, 330 ; and the mean collision area of the mols. of the 
vap. is 1*06 Xl0~ 16 sq. cm. ; A. O. Rankine estimates fhis to be l*06xl0~ 15 sq. cm. 
with a possible error of 2 to 3 per cent. ’ The press., p atm., necessary to liquefy the 
gas at different temp, is : 

« 0° ssr 10-7° 12-0° 170° 32-8° 41 ‘2° 63 ‘0® 090° 74£° 85-3® 

p . . 12‘6 15-0 17*5 19*6 2l b 44 0 45 0 500 05*0 ,74*0 80*0 

A. Stock and E. Kuss represent the vap. press, of the liquid : , 

-138° — m° -98-5° —80® —75® —54° —50-2® 

Vapr. press. . .1 12 37 100 210 635 760 mm. 

According to W. Hempel, the critical temp, is 105°, and the critical press., 60 atm. ; 
the b.p, of the liquid is —47*5° at atm. press. ; A. Stock and E. Kuss say —50*2° 
at 760 mm. Carbon dioxide boils at —78°, and carbon disulphide at 46°. According 
to L. Ilosvay de N. Uosva, the liquid solidifies when poured from one vessel to 
another ; A. Stock and E. Kuss gave —138*2° for the m.p. Carbon dioxide melts 
at —56*4°; carbon disulphide at —112*1°. The higher m.p. of carbon dioxide 
is thought to be an effect of polymerization. M. Berthelot found the heat of 
combustion to be 131*01 Cals, at constant press., and the heat of formation from 
amorphous carbon and rhoifibic sulphur : (C,S,0)=19*6 Cals. ; J. Thomsen’s value 
is about twice as great: (C,S,0)— 37*32 Cals., (CO.S)=8*03 Cals. f and G. N. Lewis 
and W. N. Lacey found for the free energy of formation of (Sii q „ia,CO)=s — 6070 cals, 
at 302°. V. Henri studied the absorption spectrum of the vapour. 

W. Hempel found that 100 c.c. of water at 13*5° dissolve 80 c.c. of carbonyl 
sulphide ; A. Stock and E. Kuss, that 54 c.c. are dissolved at 20° ; and L. W. Winkler, 
found the absorption coeff., and the weight, w , of gas dissolved by 100 grins, 
of solvent at 760 mm. press, to* be : 


• 

• 0° 

5° 

10® 

15® 

20° 

25® 

80® 

, 

. 1-333, 

1-056 

0-836 

0-077 

0-501 

0-408 

0-403 


. 0-356 

0-281 

0-221 

0-179 

0-147 

0122 

0-104 


A, W. Hofmann said that 100 vols. of triethylphosphine dissolve about *100 vols. of 
,the pas, and, unlike carbon disulphide, does not form a compound. W. Hempel found 
100 r c.c. of a hydrochloric acid soln. of cuprous chloride dissolved 20 c.c. of carbonyl 
sulphide at 13*5° ; 100 c.c. of an alcoholic soln. (2 c.c. water and 2 c.c. alcohol) of 
potassium \ydroxide (1 grm.) dissolve 7200 c.c. of the gas (13*5 c.c.); 100 c.c. of 
pyridine dissolve 4*4 c.c. of gas (13*5°) ; and 100 c.c. of nitrobenzene dissolve 
12*0 c.c. of*gas (13*5°). M. Berthelot noted the ready solubility of the gas in absolute 
alcohol. A. Stock and E. Kuss found that 100 c.c. of Alcohol dissolve 800 c.c. of 
gas (22°) and 100 c.c. 6f toluene, 1500 c.c. of, gas (22°). It is slowly and regularly 
absorbed by 33 per cent, sodium hydroxide (about 2 per cent, per minute), much 
mow readily by an 8 per cent. soln. (3$ per cent, per minute), or by a 23 per cent, 
soln; of potassium hydroxide (8 per cent, per minute). It is therefore quite possible 
to estimate readily absorbable g&es in the carbonyl sulphide by using 33 per cent; 

* sodium hydroxide, and allowing for the loss of the latter gas during the time of the 
absorption. Liquid carbonyl sulphide was fouqd by L. Ilosvay Je N. Hoqya to, 
dissolve sulphur, and to mix readily with alcohol or ether, but not with water or ' 
glycerol. For the absorption coeff. in various salt soln., vide Table XX. 

R.’Witzeck, and A. Stock and, E. Kussc found the dry gas is permanent even in 
( sunlight, but, if moisture be present, thl gas forms carbon dioxide and hydrogen 
sulphide. The decomposition is very slow In diffuse jlaylight* C. Than found that 
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at a red he^Jt, carbonyl sulphide decomposes into siflphur and carbon monoxide, 
and R, Witzeck said that it is slowly decomposed when heated in«a Aaled tube at 
200 -300°. According to # W. Hempel, a platinum wire heated to whiteness by an 
electric current decomposes the gas completely without change of vol., .forming 
sulphur and cairbon monoxide. G. If Lewis and W. N. Lacey studied the equilibrium 
conditions of the reaction CO-f 8= COS, and found K=[COS]/[GO]=201 at 302? ; 
and 435* at 260°. A. Stock and £. Seelig showed that two equilibria are probably 
involved, (i) COSTCO + 8 , and (ii) 2008 ^ 002 + 082 ; the second may be due to 
2004-82^002+082, TJierh was no evidence of the formation of carbon mono- 
sulphide mentioned by G. N. Lewis and W. N. Lacey, or of sulphur dioxide men- 
tioned by P. Wintemitz. The reaction 2008^002+082 in either direction is 
rather slow, %nd 2 COSt^ 2CO+S2, rather fast. The dissociation of carbonyl sulphide 
was independent of the* amounts of carbon dioxide or disulphide present, thus 
showing that carbon mOnoxide and sulphur are formed directly from carbonyl 
sulphide find not’ primarily from carbon dioxide or disulphide. At 800°, 64 per cent, 
of carbonyl sulphide was dissociated, and at 950°, 76 per cent. A. Stock, W. Siecko, 
and E. Pohland found that near 400°, the equilibrium in reaction (i) is disturbed 
by the separation of sulphur. When this reaction is suppressed by the addition 
of carbon monoxide, reaction (ii) can be studied below 500°. The decomposition 
(i) is not evident below 400°, and attains a maximum of 64 per cent, at 900°. 
Reaction (ii) reaches a maximum of 43 per cent, at 600°, and 16 per cent, by (i). 
The equilibrium (i) depends on the press., while (ii) does not. Quartz is a marked 
catalyst for (ii), but has little influence on (i). Hence, carbonyl sulphide at room 
temp, can be kept for years in glass vessels, but is rapidly decomposed in quartz 
vessels. 

C. Than showed that the gas is very inflammable, taking fire even when brought 
in contact with a ted-hot splinter of wood, and burning with a blue, slightly luminous 
flame. A mixture of one vol. of the gas with l£ vols. of dxygen inflames with a 
slight explosion, burning with a blue flame ; but, said W. Hempfel, if the gas be 
mixed with 7£ vols. of air, the mixture burns without explosion. E. J. Russell 
found that a thoroughly dried mixture of carbonyl sulphide and oxygen does not 
ixplode with the passage of an electric spark. C. Than showed that carbonyl sulphide 
is slowly decomposed by water : COS+H 2 0— OOg+HfcS. The pure gas, said A. Stock 
and E. Kuss, does not at once give a precipitate with a soln. of barium hydroxide 
or of cupric sulphate. P. Klason said that with baryta- water, a turbidity occurs, in 
half a minute. P. Klason found that an aq. soln. of starch iodide is soon decolor- 
ized, and a soln. of lead acetate rendered turbid. M. Berthelot found that cuprous 
sulphate separates very slowly from a soln. of carbonyl sulphide in a hydrochloric % 
acid soln. of cuprous chloride. In the reacting system, COS+HgO^OOg+I^S, 
when the water is in large excess, if C denotes the cone, of the carbonyl sulphide, 
the rate of decomposition will be -dC/dt^k'C. G. Buchbdck’s result«*show that 
the velocity constant jfc' is very nearly 0 0005267 ; and this shows that th . reverse 
action is negligible, and that the products of the reaction have no influence on the 
velocity. He suggests thgt the decomposition is the resultant of two reactions ’ 
COS+HgOr^HS.CO.DH, and HS.C0.0H-*H 2 S+C0 2 , in which the quantity of 
tbiocarbonic acid, JHS.COOH, is always proportional to the carbonyl sulphide. 
The effect of temp, is represented by log A:=— 11736' 73T“ 1 + 45' 66364. R. Witzeck 
found that the decomposition is very rapid *at a high temp., and he measured the 
effect of various acids and salts in isohydne soln. a and found that if S denotes the 
absorption coeff. of the carbonyl sulphide, -~dC~kCjS, where k~k'&. TheVesults * 
are indicated in Table XX, and they agree well with* theory only when referred to 
particular group# of salts. In general, the rate of decomposition decreases with the 
addition of acids, and the decrease is greater the more ionized»the acid ; and increase! 
with the cone. Monochloroacetic acid caused a slight increase in the velocity of 
decomposition, and the effect of many of ifha metal halts also is to cause slight increase. # 
p. Klason found that carbonyl sulphide can be preserved for a time over 50 per <pnt. 
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Table XX.— teriECT or Acids and Salts on the Decomposition op Cabbonyl Sulphide 


Added substance. 




Isohvdrlc soln. 
contains grm. eq. 
IK!T litre. 


lex 10*5 


Absorption coefl. S. 


Velocity in sat. 
♦ 8oln. It x 8 x 10*. 


KI 

KN0 8 
KC1 
HBr 
HC1 
NaN0 3 
NaCl 
LiCl 
HjS 0 4 
BaCl a 
SrCl t 
CaCl a 
MgClj 
H.COOH 
CHg.COOH 
CHgCl.COOH 
CHCLCOOH 
CCL.COOH 

HjO 


1143 

571 ’ 

00174 

9*94 

1-355 - 

668 

. 0-0165 

11-02 

1-151 

' 632 

1 U-015Q 

9-86 

0-968 

371 

00218 

8-09 

1-000 

391 

0-0209 

8-17 

1-317 

542 

00156 

8-45 

1-119 

*634 

00148 

* 7-90 

1-141 

436 

0'0154 

. 7-15 

1-908 

415 

0-0180 

7-47 

1-507 

, 503 

0-0136 

•6-84 

1-459 

476 

0-0141 

6-71 

1-401 

452 

0-0146 

6-60 

1-368 

422 

0-0153 

6-46 

2073 

501 

0-0219 

10-97 

2-069 

479 

0-0243 

11-64 

2-245 

488 

00231 

11-27 

1-860 

414 

0-0255 

10-56 

1117 

403 

0-0236 

9-61 

— 

534 

0-0216 

11-63 


sulphuric acid, and, unlike hydrogen sulphide, it is not decomposed by a sulphuric 
acid soln. of cupric sulphate. G. Buchbock found that the presence of carbamide 
and of glycerol accelerated the speed of decomposition. G. Buchbock claimed 
that the velocity of decomposition is almost inversely proportional to the viscosity, r /, 
of the solvent, dr dC-kC/Sr /. P. Klason found that soln. of alkalies and alkaline 
earths decompose carbonyl sulphide more rapidly than does water ; as previously 
indicated by P. Klason, and M. Berthelot, carbonyl sulphide is absorbed but slowly 
by a 33 per cent. soln. of sodium hydroxide ; but R. Witzeck found the contrary. 
The reaction probably occurs in two stages, say : C0S+2K0H==KS.C0.0K-fH 2 0 ; 
and K$.CO.OK-f,KOH=KSH-f KO.CO.OK. Cone, alkali-lye absorbs the gas more 
sloyrly than more dil. s^n., a$d potash-lye more quickly than soda-lye. P. Klason 
found the gas to be completely and rapidly absorbed by a 33 per cent. aq. soln. of 
potassium hydroxide mixed with its own vol. of alcohol ; with an alcoholic soln. 
of potassium hydroxide, C. Bender obtained potassium ethyl thi'oearbonate, 
C 2 Hfli).CS.OH. C. Than found that chlorine, and fuming nitric acid, at ordinary 
temp, have np action on carbonyl sulphide ; but at a red heat, A. Emmerling and 
B. von L^pgyel found carbon monoxide, sulphur chloride,’ and carfymyl chloride 
are formed : COS-f 2 Cl 2 ==COCl a -|-SCl 2 . The last-named also found that with 
boiling or«,cold -antimony pentachloride, carbonyl chloride is formed. C. Than 
said that mixtures of nitric oxide and carbonyl sulphide are not explosive. Accord- 
ing to M. Berthelot, gaseous ammonia, and, according to *P. Kretzschmar, an 
alcoholic soln. of ammonia rapidly absorb carbonyl sulphide, forming ammonium 
thiocarbamate. When the soln. in aq. ammonia is evapbrated, E. Schmidt, and 
M. Berthelot obtained carbamide aifcl thiocarbamide. The action of carbonyl 
sulphide on a number of organic products has been studied by B. Holmberg, 
• F. Wdigert, M. Freund #nd E. Asbrand, etc. Heated mercury, copper, iron, and 
silver were found by M. Berthelot to remove sulphur from carbonyl sulphide ; and 
cuprous chloride reacts : COS-f-2CuCl-f H 2 0*=C0 2 -f 2HCl-j-Ci%S. P. Klason, 
and W. Hempel found carbonyl sulphide to be a narcotic poison. The analytical 
determination of carbonyl sulphide has been discussed by P. Klason, W. Hempel, 
E. J. Russell, and other workers. ' * 

i 1 
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Acetylene bfaek, 752 * • 

carbides, $47 

Adfetylicjps, 845 
•Ac Nation, 893 
Active charcoal, 747 
Adamantine spar, 247 
Adamas, 710 
Adamite, 271 
Adelpholite, 617 
Adsorption, electrical, 801 

isotherm, 793 

— . equation, 793 

mechanism of, 803 

— - - negative, 803 
Aeschynito, 517 
Aldebaranium, 505, 705 
Alexandrite, 154, 294 
Alkali borates, 05 

— ■ carbides, 8#4, 847 

— hoxammino-tctraehloroaluminatcs, 322 
Alkaline earth borates, 85 

earths, 494 

Allan ito, 509 
Allotropy, 719 

— - dynamic, 723 

enantiomorphic, 723 
monotropic, 723 
Alloys, pyrophoric, 010 
Almadine, 295 
Aloxite, 271 
a-earbon, 747 
a-kliachitt^ 275 
Alquifol, 714 
Alshedite, 512 
Alum, 164 

— - ammonia, 344 • 

basic, $52 

caesia, 345 

— cubic, 345 

hydroxylamine, 344 

— - lithia, 342 • 

magnesia, 154. 354 

manganese, 154, 354 

meal, 343 . 

— — potash, 343 
— — roche, 148 

rock, 148* 

Roman, 149, 343 

— - rubidia, 34# 

sesquimag^esia, 354 

silver, 361, 345 

soda, 342 . 

zinc, 354 

Alumbre nativo, ^42 
Alumen, 148 
de Toipha, 149, 35| 


Alumen di Motohn, 149 
glaciale, I4tf 
Leslnum, 149 
rupeuin, 148 
Aluiman, 154, 339 
Ahmun, 151 
Alumina, 150 

Ortloreseenee of, 200 
colloidal, 201 
cryolite, fusibility, 107 
n> Mills, preparation, 259 
dispersed, 291 

Ihiorspar, cryolite, fusibility, 107 
sp. gr , 108 
fusibility, 1 97 
hydrated, 253 
hydrogel. 270 
hvdiosol, 270 
magi ie.sia- lime, 295 
preparation, 254 

Mayer's p’locess, 254 
trom bauxite, 250 
from clay s, 257 # 

Aluimnates, 284 • 

Almiiine hydratce des Beaux, 249 
AlimmulMe, 353 
Ahiminite, 154, 338 
Aluminmfn, 118, 161 
actuated, 200 
alloys, 229 , 

amalgams, 240 
amminobrofmde, 320 
amminoiodopentatmdo, 328 ■ 
ammonium carbonate, 359 
liydroxysulphato, 353' 
phosphate, 307 ( 

sulphate, 344 • 

analytical reactions, 2$1 
and thallium, 429 ** 

atom decomposition, 228 

electronic structure, 228 
atomic number, 228 * 

weight, 227 
barium allots, 235 
phosphate, 370 
tayy Ilium alloys, 235 
borate, 102 
borocarbide, J3, 872 
Ifcirotungstate, 110 
brasses, 240 
~~~ bromide, 324 

# hexahyd rated, 324 
- pentahydrated, 325 
bronze, 221>, 229 
cadmium alloys, 240 

— t®si*im sulphate, 345 

— calcium alloys, 234 • 

« and sodium fiuorides r 308 , 
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Aluminium oalcium carbonate, 359 

photphfte, 370 

— — sulphatophosphate, 370 

carbide, 846, 870 

. carbonate, 358 * ’ 

carbonyl, 952 

-—chloride, 311 • 

enneahydrated, 315 

hexahydrated, 314 

— - preparation, 312 

properties, chemical, 318 

. __ — — , physical, 316 

chlorobromide, 326 

hexahydrated, 326 

chlorosulphate, 319, 335 

--- — colloidal, 170 

copper alloys, 229 

phosphate, 368 

(deca) hydroxy trisulphate, 338 

— diamminochloride, 320 
diboride, 26 

lihydrosulphate trihydrated, 336 

dihydroxydisulphate, 338 

• dioxy hydroxide, 281 

— ~ - ditritarsenide, 213 
eka, 373 

electro-deposition, 163, 164, 165 

— electro thermic process, 168 
enneamminochlorido, 319 

excited, 206 

— - fluoborate, hydrated, ,128 

• — #fluoride, 300 

hemiheptahy'drated, 302 

-- - - - - monohydrated* 302 

— - - — tfihydrated, 302 
gold alloys, 263 

• hexamminochloride, 319, 320 

- hexamminoiodide, 328 

— hexamminotri iodide, 328 

— - history, 148 ' 

hydrophosphate, 366 * 

* hemitrideoaphosphato, 365 

— hydropyrophosphato, 365 
— - hydroxide, 277, 285 * 

mOnohydrated, 281 

sesqulhydrated, 281 

— hydrdxides, 273 

— Jh^droxy chloride, 277 
— ~ hydroxydichloride, 318 

— hydroxylafhine sulphate, 345 

— ioosiamminoiodide, 328 

— impurities in, 169 

— iodide, JI27 

hexahydrated, 327 

pentadecahydratcd, 327 

— iodoimidotriamide, 3C8 

— isotopes, 228 

phosphate, 367 

— r sulphate, 342 

— fnagneeium alloys, 235 
carbonate, 359 

— — — oopper alloys, 23^ 

phosphate, 370 

— sulphate, 354 • 

— mercury alloys, 240 

— metaphosphate, 362, 665 

— mononydroxide, 274 
- — nitrate, 359 
dihydrate, 360 

• — j— enneahydrate, 360 
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Aluminium nitrate hexahydrate* 360 
octohydrate, 360 

— — pentadecahydrtte, 360 

occurrence? 153 * 

Orthophosphate, 362 

colloidal, 363 

— oxide, properties, chemical, 269 

f physical, 263 

• (vide alumina), 253 

1 1 oxides occurrence, 247 

oxychlorides, 318 

passivity, 205 

— pentamminochloride, 320 
; - peroxide, 273, 283 

- — - phosphate, 362 

potassium alloys, 229 « 

carbonate, 359 

• hydroxysulphate*, 353 

nitrate, 361 

— sulphate, 343 

preparation, 160 

production, 152, 160 

properties, chemical, 202 

physical, 173 

purification, 169 
pyrophosphate, 362, 365 
rubidium sulphate, 345 

— silver, 233 

alloys, 232 
phosphate, 370 
sulphate, 341, 345 
sodium alloys, 229 

- - — carbonate, 359 * 

hydroxysulphate, 353 

phosphate, 367 

— - - pyrophosphate, 367 

— sulphate, 342 

- — strontium pyrophosphate, 370 
subchloride, 311 

— — subfluoride, 301 

- suboxide, 253 

subsulphate basic, 339 

subsulphide, 329 

sulphate basic, 336 

— - decahydrated, 333 

dihy'drated, 334 t 

dodecahydrated, 333 

heptacosihydrated, 333 

heptadecahydrated, 333 

hexadecahydrate, 332 

; hexahydrated, 333 • 

— octodecahydrate, 333 

— trihydrated, 333 

sulphates, 332 

! acid, 333 • 

| sulphide, 329 

- sulphitoiodide, 627. 

— — (tetra) decahVdroxysuiphate, 337 

tetrahydrosulphate, 336 

, tetrahydroxysulphate, 338 

thallous sulphate, 467 

— — triamminocnloride, 320 

trihydroxide, 275 • 

trihydroxy diphosphat#, 366 

— - trihydroxyphosphate, 366 

- usee, 222 

- wool, 170 

- zino alloys, 237 

1 _ copper alibys, 240 

- -* — n^gneei^im alloys, 240 
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Aluminium zinc phosphate, 371 

: sulphate, 364 

AluminoKtes, 249 • 

colloidal, 249 

crystalline, 249 

Aluminosulphuric acid, 336 
Aluminothermic reactions, 218 
Aluminum, 161 
Alumium, 151 
Alumogel, 276 
Alums, 336, 341 

pseudo, 354 

Alun de Rome, 353 
Alundum, 2^1 
Alunite, U54, 2^7, 353 
— • — ammonia, 353 
— • soda, 363 ’ 

— — zinc, 154 
Alimogen, 154, 333 
Alunogene, 333 
Alvite, 512 
Alzene, 239 

Amalgams, aluminium, 240 
Amblygonito, 155, 307 
Amethyst, Oriental, 247 
Ammonal, 219 
Ammonia' alum, 344 

alunite, 363 

gallic alum, 385 

indium alum, 404 

Ammonium aluminate, 289 

aluminium tarbonate, 359 

hydroxy sulphate, 353 

phosphate, 367 

sulphate, 344 

borates, 65, 79 

— boratofluoride, 125 


ceric nitrate, 673 

sulphate, 662 

- — cerous carbonate, 600 

nitrate, 671 

. sulphate, 659 

— - decaborate octohydrated, 86 
decabromoaluminate, 326 

dicerous octosulphate, 659 

dilanmanum octosulphate, 659 

dipraseodymium hoxasulphatc, 659 

.disulphatoaluminate, 344 

tetrahydrate, 352 

disulphatoindate, 404 

. tetrahydrated, 404 

dodecaborate enneahydrated, 81 

. dysprosiiun carbonate, 704 
- — erbium sulphate, 704 • 

fluoborate, 127 

fluoindate, 39$ . 


fluoperbon*te, 129 • 

fluoscandiate, 489 

gadolinium nitrate, 695 

gallic disiflphate, 385 

_ heptabromoaluminate, 326 

tierttAhvd rated. 


— hexaborate ^eptahydra 

— hexachlorqthallate, 445 
— dihydrated, 445 


— dihydrated, 445 

, hexafluoaluminate, 303 

- hyperbora to, 120 A 

- isotetrthydroborododecatungstato, 10H 

lanthanum fjfrhortate. 666 * 


nitrate, 671 
sulphate, 669 


Ammonium neodymium carbonate, 666 
— nitrate, 671 # 

octoborate hexahydrated, 80 

tetrahydrated, 81 ♦ 

octotritaborate, 80 

pentabromcfindate#monohydrated, 4Q1 
pentaJohloroindate, monohydrated, 
400 

.pentalluoaluminate, 303 

- perborate hemihydratod, 119 
perceric carbonate, 668 

- praseodymium carbonate, 666 

nit rat**, 671 

saiqarium carbonate, 666 
.sulphate, 659 
scandium carbonate, 492 
- sulphate, 492 

(tetra) dilwrate, dihydrated, 80 
tetraborate, tetrahydrated, 80 
tetrabromoalummate, 326 
tctrabromothellate, 452 
totrachloroalummato, 32 1 
tetrachloroindate, 400 
tetraiodothellate, 461 
tetralanthanuin hexasulphate, 659 
thallic disiilphate, 469 
trisulphate, 469 
thallous phosphate, 478 
yttrium carbonate, 683 

sulphate, 682 
Amorphous ore, 249 
Ampangabeito, 516 
Amphit halite, 370^ 

Andcrtwrgite, 512 - t 

Animal ciiarcoal, 750 J 
Anistropy, ultramicroscopic, 760 
Annenkiito, 516 
Anthracitic diamond, 719 
Ant imonie Ijorotungstate, 1 1 1 
Ahtimontous borotungstate, 111 
Antimony carbide, 887 # # * 

dodecabromqjanthanato, 645 
hexabromo«*rate, 645 

— hexabromolanthanatc, 646 . 

Apatite, 530 

- -cerium, 675 

— - didymium, 675 
Apjohnite, 154, 354 
Aquadag, 753 
Aquamol, 219 
Argil, 150 

- pur, 150 

Argill, native, 338 
Armenian whetstone, 247 
Aromite, 354 # 

Arrhenite, 520 

Arsenic .carbide (tri), 887 
^scharite, 4, 97 , 

, Attakolite, 370 # 

Auerlitte, 516 
Augelite, 155, 3^6 
Auric chlocoscandate, 490 

dihydiated,'4ft0 

Wnicosihydrated, 490 

octohydrated, 490 

thallous nitrate, 476 

Auroisi cajbide, 855 
Austrium, 504 • 

Autqpiolite, 296 
i ,*Azorite, 520 • 
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Bagrationito, 509 
Bakorite, 4 

' Barium aluminate, 290 
— aluminium all§ys, 235 

phosphate, 370 • • 

boride, 24 

— - borocarbonate, 88 

— carbide, 859 
carbonyl, 951 

decaboratodibromide, 141 

— - decaboratodiehloride, # 141 

— -- (di) dialAminate, 292 

diborato, 87 

hexaborate, 90 

heptahydrated, 91 

— ~ diborato, 62, 88 4 

decahydratod, 89 

— *. — . dihydra ted, 89 

pentahyd rated, 89 

— tctrahydrated, 89 

dodecaborato, 93 

— — cnnoahydropcntalanthanate, 628 
fluoaluniinate, 308 

— fluoborate dihydrated, 128 
hexaborate hcxahydrated, 92 

isotetrahydroborododocatungstate, 110 

metaborate, 88 

motaluminate, 293 

, ~ octoborate dodecahydrated, 93 

octobromoaluminate, 326 

octoehlorodithallate hexahydrated, 447 

octodeoachlorodiali/minate, 322 

ortodtxjaehUtrototraluminato, 322 

orthoborate, 87 

oxybromoaluminato, 326 

oxychloroaluminate, 323 

— ■ — oxyiodoaluminato, 329 ♦ 

perborate, 120 * 

sesxjuiborate, 90 

stannic borate*, 105 

— t~ sulphaluminato, 33 tp 336 • 

tetraborate, 91 

— - thallous chlorides, 441 
(tri) illuminate, 291 

• — • deeaborate hexahydrated, 91 

BarFandito, 155 
Bastnasito, 52% 

Baurach, 1 
Bauracon, 1 
Baurak, 1 
Baurax, 1 • 

Bauxite, 154, 249, 273 
- — —• ferruginous, 249 _ 

non*ferruginou8, 249 

Bauxitite, 249 
Bauxium, 251 
Beauxit8, 249 
Bechilito, 3, 92 
Beckelite, 514 
Berlinite, 155, 362 
Beryllium aluminate, 294 # 

aluminide, 235 

aluminium alloys, 2$5 

boride, 24 

; borocarbide, 24, 867 

t carbide, 846, 866 

dodeeaehlorothallate, 447 

— ^Jiydroxyorthoborate, 96 t 


Beryllium (penta) diborate, 95 ' 
Berzelium, 504 * 

j8-carbon, 747 • 

Betafjie, 519 
Bismifth boride, 28 
- — carbide, 887 

henicosibromocerate, 645 

hoxabromocerate, 645 

— - hexabromolanthanate, 645 

orthobofate dihydrated, 107 

spar, 531 * 

Black-lead, 713 
Blomstrandine, 517, 518 
Blomstrandite, 519 

Blood charcoal, 760 
Blue clay, 716 • 

earth, 716 
felspar, 370 
Leithner’s, 298 
Loydon, 298 
mountain, 370 
spar, 370 
Thenard's, 298 
Boart, 720 
Bodenito, 509 
Bolivarite, 366 
Bono black, 750 
char, 750 
charcoal, 750 

turquoise, 368 

Borach, 1 
Boracic acid, 2, 48 
Boracite, 4, 137 
cadmium, 140 
cobalt, 140 
ferrous, 1 40 
iron, 137 
manganese, 140 
nickel, 140 

- Turkish, 89 

— — zinc, 140 
Boracium, 3 
Borak, 1 
Boramide, 132 
Boranes, 35 • 

Boranol, 35 

Borate magn^sio-calcaire, 137 
Borates, 47, 65 
Boratobromides, 140 
Boratofluoric acid, 123, 124 
Boratoiodides, 140 
Borax, 1, 3 

calcined, 670 

dehydrated, 48 

- glass, 71 
■ •- lime, 93 

usta, 70 , 

veneta, 68 

Borazite, 137 

Boric acid, 2, 4, 48 * 

and indicators, 59 

— glassy, 41 

properties, cheAiical, 61 

-• , physical, §2 

— .. solubility, 56 

• tribasicity, 44 ’ 

r- vitreous, 41 

v — water glass, 76 

fcids, 47 

anhydride, 4\ 
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Boric oxide, i\ 

Borides, 23 
Borimide, 132 

trihydpoehloride, 132 * 

Borites, 39 
BoroWitane, 3d 

diammine, 36 

Borocaleite, 3, 72 
Boroethano, 37 
Borofluorides, 124, 125 
Borohexylene, 36 
Borohydrates, 40 
Borol, 146 

Boromagnesite, 4, 97 
Boromolybdft; add, 108 
Boron, active, 11 

* - adamantine, 10, 13 * 

* ^analytical reactions, 17 

arsinotribromide, 135 

— - atomic number, 21 

weight, 18 

— — atoms, decomposition, 21 

— bromodiiodide, 136 

carbide, 26, 870 

colloidal solution, 8 

deeahydride, 36 

diamminotrifluoride, 122 

— - dibromoiodule, 136 

— - dioxide, 39 

electronic structure, 21 

enneamminobroimdo, 135 

ethyl, 132 

— - graphitoidaf, 10, 13, 25 

— _ hemionneammmochloride, 131 

— hemiphosplnnothioride, 122 

hexamminoehloiide, 131 

hexamminotnsulphide, 144 

history, l 

hydrides, 33, 38 

hydrosulphate, 147 

hydrosulphide, 145 

monamminotritluoride, 122 

(name), 3 

nitrosyl chloride, 132 

occurrence, 3 

— - oxide^, 39 

oxymonochloride, 133 

- oxytnchloride, 133 

# pentadccammmotriiodide, 1 36 

- pentaminmot module, 136 

pentaslilphide, 145 

— — phosphate, 147 

phosphinochloride, 132 

phospho iodide, 136 

preparation, 7 • 

properties, chemical, 14 

, physical, 10 

sesquiamminochloHde, 131 

suboxide, 39 

sulphate, 146 

sulphobromide, 145 

aulphochloride, 145 

tetrammin^tribromide, 134 

tribromid% 134 , 

trichloride, 129 

trifluoride, ,121 

trihydride, 34 

triiodide, 13£ 

trioxide, 41 

trisulphide, 142 r 


Boron valenhy, 19 
Boronatvocftleito, 4, 73 t 
Boronnun compounds, 19* 

Boronized eopjier, J7 8 

Borotungstates, 108 
Borotungstifjue wide, 108 
Borras. 1 
Borspor, 90" 

Bort, 720 
Buryi, 35 

' disulphale, 146 
sulphate, 146 
Bosjemamte, 154 
Bowmanite, 370 1 
Bragite, 516 * 

Brasses, aluminium, 240 
Brilliant, 711 
Biitholitc, 529 
fboggerite, 530 
Biomoboraeites, 140 
Bi(in/.e, nlumimuin, 222, 229 
siheieiix, 17 
Ihieklaiidite, 509 

(’ 

Cadmium aluminate, 296 
aluminium alloys, 240 
and thallium, 428 
borwite, 140 

borotiuigstate, lit) 

cerium alloys, 607 
cerous sulphate*, 659 
deealluodieerate, 638 
diboratc, 10t^ 

hexudeeaboratodibnjmide, *140 
hexadeeahoratodichloi’ido, 140 # 

hexadeeahoratodiiodide, 141 
i hu t « ' 1 1 ahyd ro bo rod oil eeatungst at e, 110 
inelaborate, 100 
oetobuiate, 100 

- 1 ballons chloride, 441 # • 

Ctcsiu alum, 345 * 

gulls* alum ».l85 
mdiurii alum, 404 
Ctesium acet yjenecarbule, 849 
aluminium sulphate, 345 
carbide, 847 
eerie nitrate, 673 
cerous nitrate, 671 * 

cliloroalummatr, 322 f 
chlorosenndote, 490 
disulphatoalurmnate, 345 
disulphatomdate, 404 • 

enneabromodithallate, 453 
enneachlorodithallate, 446 
fluoborate, 127 
haxaborate, 78 
hexaehloroindate, 400 

- hexaehlorolant hanato, 642 * • 

Isexachloroth&llate monohydrated, 446 

-- hexafluoaluminate, 307 • # 

lanthanum (hexa) henamilphate, 658 

- nitrat^*, 671 

neoefymium sulphate, 658 

- pentAbromvindate,monohydrated, 401 
l>entachloroindatc, monohydraterl, 400 

• *>entachIorothallate, 446 

- - - hydrated, 446 , 

— i perborate, 119 
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OcMiura praseodymium sulphate, 658 

tetrabrdtnofchallate, 453 

tetraehlo^ooerate, 640 

tetraiodothallate, 461 

— - th&Uic disulphate, 470 

thallous chlorides, 441 

Qainosite, 514 I 
Calciothorito, 514 
Calcite, 630 

Calcium aluminates, 290 

— aluminium alloys, 234 

carbonate, 359 

phosphate, 370 

— aulphatophosphate, 370 

— boride, 24 

bromoborate, 44 

~ - carbide, 846, 856 

cerium alloys, 606 , 

- - ehloroatuminato, 293 

— - chloroborate, 44 

-- - decaboratodibrornide, 141 

— - - decaboratodichloride, 141 

— - (di) dialuminate, 292 

di borate, 87 

hexaborate, 90 

— heptahydrated, 90 

pentahydrated, 90 

- sodium decaborate hoxadocahy- 

drated, 93 

. octohydrated, 94 

diborate, 62, 87 

— tt-tetrahyd rated, 88 

jS-tetrahydrated, 88 

dihydrated, 

|\oxahydratod, 88 

dicerium •aluminohydroxytriortho- 
silicate, 510 

dodooaborato, 93 

fluoborate, 128 

-- — heptafluoaluminate, dihydrAted, 309 

hexaborate, dodecahydrated* 92 

— enneahy <Jrated, 91 

octohydrated, ,92 

— tetrahydrated, M2 

tridecahydratod, 91 

iodoborate, 44 

— - isotetrahydroborododccatungstate, 110 
1 — 9 lanthanum carbonate, 666 

leftulite, 370 

magnesium hexaborate hcxaliy drated, 

100 *, 

metaborate, 87 

metaluminate, 293 

octoborate dodecahydrated, 93 

enneahydrated, 92 

octobromoaluminatoi 326 

ootochlorodithallate, hexahydrated, 

447 

octqdecaohlorotetraluminate, 322 • 

v>rthoborate, 87 

orthoboratodichloride, 141 • 

oxfde -magnesia -ahimu^N 295 

(penta) hexaluminate, 292 • 

perborate, 120 • , 

• potassium aluminates, 294 

sesquiborate, 90 

sodium and aluminium fluorides, 308 

— — - - — hexafluoaluminate, hydrated, 309 

r* magnesium fluoalurainate, 309 

— - -.stannic borate, 105 « 


Calcium subcarbide, 858, 860 * 

sulphaluminate, 331 

sulphatoajuminate, 353 

(tetra) decaborate, 89 

dialuminate, 290 

— hexaluminate, 292 

tetraborate, 91 

tqtrahydroxyorthoborate, 88 

tetramminoacetylenecarbide, 863 

— thallid^, 427 

thallous chloride, 441 

— disulphate, 466 

- — (tri) decaborate, enneahydrated, 91 

decaluminate, 293 % 

— — dialuminate, 291. 

- - trialumini^c, 235 * 

trimetaboratodibromido, 141 , 

— trimetaboratodichloride, 141 1 

— trioxytrisulphatodialurninato, 294 

- trisulphatodialuminate, 294 

— trithalhde, 427 
Callaioa, 368 
Callaina, 368 
Callainite, 155 
Callaite, 155 
Camsellite, 97 
Candite, 297 
Cappelenite, 514 
Carat, 712 

—'—international, 712 
Carbide carbon, 895 
Carbides, 844 
Carbocorine, 521 
Carbon, 710 

action, oxygen, 811 

water, 8 1 1 

adsorption from soln., 799 

— gases, 789 
allotropio states, 718 

• a-, 747 

— - amorphous, 744 

.... preparation, 744 

— properties, physical, 755 
atom, disintegration of, 843 
atomic number, 843 

- weight, 837, 840 
— benzene, 721 

— P-, 747 

blacks, 749 

boride, 26, 870 

— - - carbide, 895 

- colloidal, 752 
combined, 895 

- constitution, 837 

— dioxide, 9(& * 

— - ditritojdde, 905 

* enneadodecatoxjdo, 906 
— - graphite, 895* 

hardening, 895 

• hexaboride, 26 

history, 70 

isotopes, 843 

molecule, 839 

monoboride, 27 

monoxide, 904 

I history, 907 

j occurrence, 909 

• — preparation, 9©9 

I l_ properties, chemical, 927 

! * * — , physical, 915 
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Carbon moboxide solubility, 923 
— v* nitride, 887, 

— — ooqprrence, 715 • 

oxycarbide, 905 

.oxychloride, 962* 

oxysulphide, 971 

properties, chemical, 821 

physical, 755 

pseudo, 721 

self -oxidation, 812 

silicide, 875 

suboxide, 905 

temper, 739 

• trithiobromide, 320 

valency, 837 

Carbonadb, 720 . 

t Carbonyl bromide, 970 
chloride, 902 

— - - chlorobromido, 970 

fluoride, 970 

halides, 902 

•-- - sulphide, 971 
Carbonyls, 950 
Carborundum, 870 

fire sand, 878 

Carbosil, 219 
Carbrox, 75(1 
Carbunculus, 295 
Carbure, 844 

Carburet of potassium, 847 
Carolinium, 504 
Caryocerite, 514. 

Cassiopeium, 505, 705 
Cassiterito, 530 
Castelnaudite, 527 
Catapleiite, 512 
Celtia, 700, 708 
Celtium, 498, 708 

— - - hydroxide, 708 

oxide, 708 

Cenosito, 514 
Cerorite, 507 
Ceria, 501, 020 

— isolation, 550 

— — preparation, 587 • 

Ceric ammonium nitrate, 073 

sulphate, 002 

caesium nitrate, 673 

— ■ — ^carbonate, 066 ^ 

cere us sulphate, 602 

chloride, 041 

fluoride, 637 

— — hydro -orthophosphate, 670 

hydroxide, 632 . 

_ colloidal, 033 

hydrosol, 633 • 

hydroxynitraW, 072, 

— ~ lanthanum ‘sulphate, 662 

magnesium nitrate, 674 

neodynium sulphate, 662 

nitrate, 672 

oxide, 629 

oxycarbonafts, 666 

oxychlorid^ 640, 641 

oxysulphate, 662 

— — - oxytetraaulphate, 661 
- — potassium nitrate, 673 

— — sulphate* 662 

praseodymium sulphate, 662 

pyrophosphate, 676* • 


Oerio rubidium nitrate, 673 $ 

silver sulphate, 662 * 

- sodium sulphate, 662 * 

- sulphate, 661 , 

- thallium sulphate, 662 

- zinc nitrate, 074 # 

Corine, 509 

Cerito, 496, 507 
Onym aluminide, 008 

• amalgams, 007 
analytical reactions, 008 
apatite, 075 

atomic nuyihcv, 022 
weight, 021 
bisrijuthidc, 004 
boro tungstate, 110 
cadmium alloys, 007 
calcium alloys, 000 
carbide, 873, 885 
copper alloys, 005 

-oupride, 005 

(di) calcium aluminohydroxy trior tho« 
silicate, 510 
dialurninidc, 008 
diamminot nchloridc, 640 
dibismuthidc, 004 
dioxide, 029 
flioxysulphatc, 051 
disulphide, 049 
dodocamminotrichlorido, 040 
eimeamagneside, 600 m 

opidote, 510 * 
gold alloys, 000 
hemaluminiae, 008 # 

hemicupride, 605 : 

hemizincide, 007 
liexacupridc, 000 
hydrazine sulphate, 059 
hydride, 001 

hydrox>lamine sulphate, 659 
icoBiannninotrichlorido, 6^0 * 
iodide, 046 
magrfesido, tfbO 
mercury alloys, 007 
metaboratc, 104 

- - metoxide, 033 

- monoxide, 025 
occurrence, 587 
octamminotrichloride, 640 
oxalicum medicinale, 643 # * 

- oxycarbide, 873 
oxychloride, 641 

oxysulphide, 650 ? 

- paraoxide, 633 
preparation, It 89 

- properties, chemical, 601 

physical, 591 

- pyridine sulphate, 659 

- quadrantoma^neside, 606 

- qmadrantozincide, 607 

- quinoline sulphate, 659 
selenide, 6o3 

- — sesquioxide. 626 

silicidb, 604 

silver alloys, 606 

i sodium alloys, 605 

« sulphate, basic, 651 

• — didecahydrated, 652 

i enneah yd rated, 652 

| hex^hydrate, 653 
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Cerium sulphate octahydrate, 652 

pentahjldrate, 653 

tetraMydrate, 653 

— - sulpjiide, 603, 648 

• tetrachloride, 641 

tetracupride, 605 

- tetrafluoride, 637 

~ tetraluminide, 607 

tetramminotrichloride, 640 

tetritamagneside, 606, <507 

tetroxide, 666 

tribismuthide, 604 

— - - tribromide, 645 

trichloride, 639 

trimagneside, 606 

trioxide, 629 

hydrated, 634 

— _ tritaluminule, 608 

— — tritetritabismuthido, 604 

— - uses of, 610 

Cerofluorite, 638 § 

^erosoceric hydrosulphato, 660 

— oxide, 633 

3rous ammonium carbonato, 666 

— nitrate, 67 1 

sulphate, 659 
cadmium sulphate, 659 

- ctosium nitrate, 67 1 

— carbonate, 604 
eorio sulphate, 662 
chloride, 603, 639 

— 4 - heptahyd rated, 639 

— hexahydrated, 640 

— (di) ammonium octdsulphate, 659 

— - potassium hexasulphate, 658 

— octosulphate, 658 

■■ — pentasulphato, 658 

— - - ■— sodium hexasulphate, 657 

— fluoride, 638 

— - hemihydrated, 638 , 

- hydropvrophosphate, 675 

— hydrosulphato, 656 

, - hydroxide, 628 % . 

— - iodide^ 603 

— magnesium nitrate, 67 1 
•— raetqphosphato, 675 

— nitrate, 668 

— -* orthophosphate, 675 

— potassium carbonate, 665 

— — nitrate, 670 

— oAhophosphate, 675 

sulphate, 658 

pyrophosphate, 675 

— — rubidium nitrate, 670 

Sodium carbonate, 665 

nitrate, 670 * 

orthophosphate, 675 

pyrophosphate, 675 

v sulphate, 657 

sulphate, 650 * 

av^phatocerate, 660 

sulphatonitrate, 669 * 

(tetra) potassium enneasulp*hate, 658 

sodium enneasulphate, 657 

thallous nitrate, 07 1. 

auno nitrate, 672 

Qeylonite, 297 
Chaoal, 714 # 

‘Chalcosiderite, 155 
OhaJjoal, activated, 747 


j Charcoal, active, 747 

j adsorption gases, 789 

| from §oln., 799 * 

i animal, 750 

! blood, 750 

bone, 750 

— ~ kiln, 748 

pit* 748 

retort, 748 

. ; stove, 748 

i - sugar, 747 * 

i • wood, 748 
| Childrenito, 165, 370 
; Chiolite, 154, 303, 305 
i Chloroaluminates,.32l 
| Chloromorcurichlproacetylonc, 869 
; Chlorospinel, 298 
l Chrome spinel, 154 
I Chromic borate, 107 
1 Chromite, 296 
Chromium borotungstatc, 1 10 
dipontitaoarbido, 888 
ditntaborkle, 29 
- - dit ritacarbido, 888 

hemicarbide, 888 
monoborido, 28 
; pentaborato, 107 
tetritacarbide, 888 
Chromous borate, 107 
i Chrysoberyl, 154, 294 
J Chrysocolla, 1 
Churchite, 529 
Cirrolite, 155, 370 
Clay, 531 
-blue, 716 
Clays, 155 
Cloveito, 530 
1 Cliachite, 249, 274 
1 Clinophaite, 154 
Cobalt aluminate, 298 

: boracite, 140 

boride, 31 
borotungstatc, 111 

| — diborate, 114 

diboride, .32 
j - fluoboratc, 128 
hemiborido, 32 

- hexaboratodiiodide, 141 
hexadecaboratodibromide, 140 » 

1 - - hexadeeaboratodichloride, 140 

- hexamminofluoborate, 12S 
- magnesium borate, 114 

nitrosotricarbonyl, 957 

| octoborate, dodecahydrated, 114 

orthoborate, 114’ 

j — -- pentaborate, 114 
! — - pentafluoaluminate, heptahyd rated, 

| 310 

--- perborate, 120 
j — tetraborate, decahydr^ted, 114 

! tetracarbonyl, 957 

I — (tri) tetraborate, tetrahydrated, 114 

I tricarbonyl, 957 

j tritacarbide, 901 

i Cobaltous acetylide, 90S 
j — — “carbide, 902 
Cobalt-ultramarine, 298 
Cmruleolaotite, 366 , 

Cohenife, 897 
Coke, 749 « 

« t 
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Coke, hard, 749 
—•soft, 749 . 

Coking, 749. 

Colemanite, 4, 90* 

(neo), 90 ‘ 

Collyrite, 359 
Columbite, 530 
Columbium, 504 ’ 

carbide, 888 

Combined carbon, 895, 

Copper aluminide, 230* 

— — aluminium alloys, 229 
magnesium alloys, 237 

— ptosphat-o, 308 

- -- and tjialliinn, 420 

-- » boride, 23 ' • 

•• #borftnized, 17 
— • carbonyl, 951 

cerium alloys, (505 
decafiuodicerato, (538 
dialuminide, 231 

dodocafluoalu inmate, octohy dialed, 
308 

— Huoaluminate, 308 

— - hemialuminide, 230 

hoptachloroaluminate, 322 

hoptafluoalunmintc, undeoahydrated, 

308 

— hydrohexafluoalummate,oetohvdratcd, 

308 

— — octochloroaluminate, 322 

ore, velvet, 453 

sulphatoaluminato, 353 

— - sulphoaluminate, 331 
(tetra) ennealuminide, 231 

— totrachloroaluminate, 322 
• — tetramagnesiuni hexalummide, 237 

— - trit Aluminide, 230, 231 

zinc-alumimum alloys, 240 

Cordylite, 522 
Corindite, 271 
Corindon, 247 
Coronium, (U7 
Corubin, 271 
Corundum, 154, 247 
Crayon de mine, 713 
Creedite, 309 
Cryolite, 154, 303, 304 

alumina-fluorspar fusibility, 107 

^ - sp. gr., 108 

- fusibility, 107 
fluorspar fusibility, 107 

— - glass, 304 

Cryolithionite, 303, 3p0 • 

Cryptolite, 523 

Cryptoinorphite, 4, 89, P3 * 

Crystal, 711 . * • 

Crystallization, fractional, 538 

with separating element, 54( 

Cuivre velout6, # 353 
Cullinan diamond, 711 
Cupric acetylide, J$53 
•— ■ — aluminate^289 

carbide, 81)3 

diborate, 84 

fluoborate, 128 

metaborate, 84 

octochloroditltallaite, 447 

hexahydjated, 447 

pentaborate, 84 * 


j Cuprio perborate, 120 g 
l (tetra) sodium (tetra} octodoeaborate. 

84 

- tetraborate, 85 

• tetrttimnmo-octoiodof/ifl//ate, hi 

- - tetramminotetralxirate, S3 

thalkms sulphate, 40(5 
t ’uproaeet yloxide , 85 \ 

Cuprous acetylide, 850 
allylenide, 853 
carbide, 850 

colloidal, 851 
chlorocarbido, 853 
• diacetvhde, 852 
lodocaihido, 853 
ox\ chlorocarlude, 853 
tetraborate, 84 
Cvamte, 155 
Cyanotriehite, 154. 353 
('yeloborene, 31 
Cvmophune, 291 
Cyprusite, 151 
('yptohte. 512 


J) 

Datum mm, 504 
Danbuiite, 531 
Dareo, 750 
Datolite, 4 
Davidite, 513 
DavMe, 333 
Dawsonite, 154 • 

Decaboron tetmdecah\ drijdo, 37 * 
Deeipia, 502 
Deloienzite, 512 
Demonmm, 504 
DenehiiilU; 498 
l)e«'omte,*27 1 
Dewe\ lute, 531 
Duidelplute, 155 
Dmnmntin*, 271 #* 
Diaminmoborolmtanc, 30 
Diamond aetion heat, 724 
anthracitic, 719 
black, 720 
Cullman, 711 
Excelsior, 711 , 

l , ’lorenline, 711 
Genesis, 731 
Grand Mogul, 711 
/nonographs on, 712 
occurrence, 710 
Orloff, 711 
Pitt, 711 

polymorphic, 757 
properties, physical, 755 
Regent-, 711 
S#ncy, "711 * 

Star of South Africa, 711 

•fbe South, 711 

Victoria, 7y 

Diamonds* synthesis, 730 
Diaspore, 154, 27^, 274 
Diasporite, 249 
Diborane, 36, 37 
* Diboron dfhydroxide, 40 , 

^hexahydride, 37 

• monobrqjnohydride, 37 
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Diboron montchjprohydride, 37 
Dioerosocerio sulphate, 660 
Dioeroso-octoceric sulphate, 661 
Dicerosatetraceric sulphate, 660 
Didymia, 601 
Didymium apatite* 675 * 

borate, 104 

- — borotungstate, 1 10 

carbonate, 666 
chloride, 642 
• - chloroplatinito, 643 

hydrofluoride, 638 

- - - mercuric chloride, 043 

- — ■ — di&orocyanido, 643 

- platinic chloride, 643 
platincus chloride, 643 

- - spodiosite, 675 

- — sulphide, 648 
Dietrichitc, 154 
Dihydrodecaboric acid, 47 
Dihydrodiboric acid, 47 
Dihydrododccaborio acid, 47 
Dihydrohexaboric'acid, 47, 48 
Dihydrohoxadecaboric acid, 48 
Dihydro -octoborie acid, 47 
Dihydrotetraboric acid, 47 
Donarium, 601 
Drop-black, 749 

Dubhiura, 498 
Dumreicherite, 154, 364 
Duralumin, 237 
Durangite, 155 
Dynamic allotropy. 723 
Dysluite, y*4. 296, 297 1 
Dysprosia, 499, 7*)2 

isolation, 696 

Dysprosium, 696 

ammonium carbonate, 704 

atomic number, 700 

weight, 699 

brftmitje, 703 , 

carbonate, 704 

chloride, 703 

hydroxide, 703 

isolation, 553 

nitrate, 704 

' occurrence, 696 

Oxide, 702 

- oxychlorido, 703 
phosptyite, 704 

- - - properties, 698 
sulphate, 703 


E 


Earths, 494 

alkaline, 494 

1 rare, 494 

Edwardsite, 623 
Eichwaidite, 100 
Eisenstassfurtite, 137 
Eiastein, 304 
Eka-aluminium, 373 
Elec trite, 271 
Electron, 237 
El&nant s4parateur, 541 
„ Elpasolite, S0€ 

Wmty, 247 


Ep^rtiomorphio allotropy, 733 


! Enantiomorphiam, 723 
, Endeiolite, 520 
Eosphorite, 165, 370 
j Epidtle, 631 • . 

| cerium, 510 

orthites, 610 

Erbia, 497, 702 ’ 

isolation, 696 

Erbium, 696. 

ammomum,sulphate, 704 

atomic number, 700 

weight, 699 

- dioxysulphate, 704 

- earths, isolation, 696 

- - hydroxide, 703 ; 

isolation, 5t>4 

- nitrate, 704 

occurrence, 696 

oxide, 702 

oxychloride, 703 

- - - - peroxide, 7 03 

potassium sulphate, 704 

- properties, 698 

sodium pyrophosphate, 704 

- sulphate, 703 
Erdmannite, 509 
Eromito, 523 
Erikite, 529 

Ethylene oxyfluoborate, 125 
Ettringite, 154 
Eucolite, 511 
Eucolitic titanite, 512 * 

Eucrasito, 615 
Eudialyte, 511 
Europia, 503, 693 

isolation, 686 

; Europium, 686 

- atomic number, 690 

‘ weight, 690 

— - carbonate, 695 
chloride, 693 

dichloride, 693 

hydroxide, 693 

- isolation, 55 1 

- occurrence, 680 
oxide, 692 

- oxychloride, 694 

properties, 688 

- — sulphate, 694 , 

j Europous chloride, 694 
j Eurosamarium, 503 
Euxenite, 618 
j Euxenium, 504 
! Evansite, 155. 567 
Evigtokite, 309 
•Exbelsior diamond, 711, 
Eytlandite, 516 


F 

; Felsdbanyite, 154, 338 
! Felspar blue, 370 
| Felspars, 155 
! Fergusonite, 516 
I Ferric borate, 114 

I borotungstate, 111 

I Ferro boron, 17 
| Ferroohromium carbides, 900 
i Eerrocbromomolybdenum carbide, 900 
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carbide, 900 

FerroS^omotwngsJenovanadium carbide, 

Ferromari^anese carbides, o5o 
Ferromolybdeipiih carbide, 900 * | 

Ferronickel enneacarbonyl, 960 
Ferrotungsten carbide, 900 
Ferrous acetylide, 894 , 

boracite, 140 

borate, 113 * 

carbide, 894 • • 

chloroborate, 114 

— — hexadecaboratodibromide, 140 

hexadecaboratodichloride, 140 

pentanuoaluminate,. heptahydrated,* 

310 . : 

FiSbheritg, 166, 366 
Fleufs de Diane, 2 

— vitriol philosophique, 2 

Florentine diamond, 711 
Fluellite, 154, 300 
Fluoaluminatea, 303 
Fluoborates, 125 
Fluocerite, 520, 637 
Fluochlore, 519 
Fluoperboratos, 129 
Fluoperboric acid, 129 
Fluorencito, 529 
Fluorspar, 630, 531 
eryolite-aluminia, fusibility, 167 

— sp. gr., 168 

- — fusibility, 167 

Fractional crystallization. See Crystalliza- 
tion. 

precipitation. See Precipitation. 

Fractionation controlling, 641 
Frankfurt black, 749 
Franklandite, 4, 94 
Franklinite, 296 
Freyalite, 515 


G 


Gadolinia, 502, 693 

isolation, 686 

Gadolinito, 508 
Gadolinium, 686 

ammonium nitrate, 695 

atomic numbor, 690 

weight, 690 

bromide, 694 

carbonate, 696 

chloride, 693 

fluoride, 693 * 

hydrazine sulphate, 695 

hydroxide, 693. 

hydroxycarbonato, 695 

isolation, 551 

— magnesiurq nitrate, 695 

metaborate, 104 

nitrate, 695 

occurrence, 666 

oxychloride# 694 

oxysulphate, 694 

properties, 688 

sescjuoxide, 693 

sodium sulphate, 694 

sulphate, 694 

— ■ — sulphide, 694 • , 


Gadolinium zinc nitrato, 695 
Gahmte, 154, 296 * 1 

Galena, 713 • 

inanis, 713 ' 

— pictons, 713 ' 

— pseudo, 713. 

sterilitj, 713 ' 

Gallic bromide, 384 
chloride, 383 

. disulphato amiuonium, 385 
- caesium, 385 
potassium, 385 
rubidium, 385 

- hydroxide, $82 • 

iodide, 384 

oxide; 382 
sulphate, 384 

- sulphide, 384 

- thaiJous a luin, 407 
Gallium, 373 

- analytical reactions, ‘AttU 
atomic number, ‘.1H1 

-- weight, 381 
earbonate, 386 
dibromide, 384 
dichloride, 383 
dnodide, 384 
extraction, 375 
fluoride, 383 
halides, 383 
history, 373 
hydroxide, 383 . 
isotopes, 381 
monoxide, 38U 
nitrate, 386 
occurrence, 37 4 
oxide, 382 
oxychloride, 383 
phosphate, 386 
properties, chemical, 380 
physical, 377 

- - sesquioxide, 382 » 

sulphate, 384/ 

— - sulphide, 384 

thallous disulplmte, 467 
tri bromide, 384 

- trichloride, 383 

— triiodide, 384 

— - trioxide, 382 
Gallous bromide, 384 

chloride, 383 
iodido, 384 

- oxide, 382 
Garnet, 155 

Gas fluoborique, 121 
Gaz fluoborique, 120 
Gearksutite, 164, 309 
Germanism carbide, 885 
G*rabyito, 370 

Gibbsito. 154, 155, 249, 273, 274 
Glantz, 7 13 
Glass cryolitic, 36* 
Ulaucodidyfnia, 502 
Glaucodymia, 502* 

Gold aluminidc, 233 

aluminium alloys, 233 
and thallum, 427 
» borates, 85 

cerium alloys, 606 

- — dialuminide, 233 
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Gold hennalujpinide, 233 
— - hexabromo<&rate, 645 

hexabrornod idy mate, 645 

heyabromolanthanate, 645 

hexabromosamarate, 645 

- — hexachlorocejjpte, 640 

— - hexachloropraseodyinate, 643 
Niimberg, 234 

tetraluminide, 233 

trialurninide, 233 

Gorceixite, 370, 52J) 

Goyazite, 155 
Grafio, 713 

piombiAo, 713 

Grafite, 714 

Grand Mogul diamond, 711 
Graphite, 714, 720 

— action of heat, 725 

- - - - amorphous, 720 

- - carbon, 895 

- - colloidal, 753 

— - genesis. 758 

nickel, 900 

— occurrence, 716 

— - properties, physical, 755 
Graphitic acid, 828 
Graplutite, 720 
Graphitoid, 718 

Graphon, 719 
Grotto di alume, 342 
Guarinite, 531 
Gymnite, 531 


H 

Heematolite, 155 
Hafnium, 708 
Hagemaimito, 309 
Hallite, 338 
Halotriehite, 154, 333 
Hamartite, '522 ' 

Hambergite, 4, 95 
Hamlinite, 370 
Hardening oarbon, 895 
Hatchettolito, 519 
!* Hayesine, 92 
Hebrenite, 367 
Heintzite, 4 , 99 
Hellanditet r 512 
Henwoodite, 156 
Hercynite, 154, 297 
Hexaborort decahydrido, 36 

dodecahydride, 36 

Hexacosiboron hexatriacontihydndc, 36 

Hexahydrohexaboric acul , 47 

Hexahydro-octoboric acid, 47 

Hexahydrotetraboric acid, 47 

Hielmifce, 616 

Hitchcookite, 156 

Hjelrar.te, 616 

HOgbomite, 298 

Holmia, 702 

isolation, 696 

Holmium, 498, 696 

.atomic number, 706 

— weight, 699 

f carbide* 873 

— — chloride, 703 
hydroxide, 703 


Holmium isolation, 553 

I nitrate, 704 

I . occurrence, 696 

oxide, 702 

\>£oporties, 698* 

- sulphate, 703 
Homilite, 4, 514 
Hopcalcite, 945 

Hot -cast porcelain, 304 
Houghite, 2|6 
Howlite, 4 • 

Hussakite, 528 
Hutchinsonite, 406 
.Hydrargillito, 154, 274 
Hydrazine ceriuip sulphate. 6^9 

- ■ gadoliniun; sulphate, 695 • 

— - — hexahydrododooaborate,decaj^ydratcd, 

ianthanum sulphate, 659 
neodymium sulphate, 659 
■ scandium sulphate, 492 

yttrium sulphate, 682 

Hydroboracito, 4, 100 
Kydroborododoeatungstic acid, 108 

- - • - dccahydrate, 108 

- - octocosihydrato, 108 
Hydroborons, 33 

Hydrobromodichlorothallic acid, 453 
Hydrocerite, 521 
Hydrofluobone acid, 123, 125 
Hydrofluorite, 521 
Hydrohexafluoboric acid. 1 25 
Hydrolanthanito, 521 
Hydrosulphatoaluminie acid, 336 
i Hydrosulphatoceric acid, 660 
Hydrosulphatothallic acid, 469 
i Hydrotaleite, 296 
| Hydrotetrabromothalhc acid, 452 
J Hydrototrachlorothalhc acid, 444 
Hydrotrifluothallous acid, 437 
Hydroxylamino alum, 344 
aluminium sulphate, 345 
cerium sulphate, 659 
— disulphatoaluminato, 345 
Hypo borates, 38, 39 
llyposclerite, 531 


1 

Ice -stone, 304 
Ineognitum, 498, 500 
Indicators and boric acid, 59 
ludiosoindic oxide, 397 
Indium, 387 

— „ — acetylacetonate, 398 
* alum ammonia, 404 

— — amalgam, 395 

— amminoehloride, 399 

- analytical reactions, $94 
and thallium, 429 

atomic number, 396 

— weight, 395 r 

crosia alum, 404 

carbonate, 405 

— - chloroiodide, 402 
, — — dibromide, 401 

” dichloride, 400 

diiodide, 402 

- dioxide, 393 
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Ir*dium disulphide, 403 ‘ 

* * extraction* 388’, 

halides, 399 • 

history, 387 

— — hydride 393 ' 

hydrosulphate, 404 

hydrosulphide, 403 

hydroxide, 398 

- isotopes, 390 

monobromide, 400 

monochloride, *400 * 

monoiodide, 402 

monosulphide, 403 

nitra^, 405 

■ ■ occurrence, 387 
— - — ox^brontido, 400 • 

, — # - oxychloride, 399 
— — phosphate, 405 

properties, chemical, 393 

physical, 390 

rubidia alum, 404 

sesquioxide, 397 

- • sulphate, 404 

- tribromide, 401 
trichloride, 399 

- • trifluoride, enneahyd rated, 399 

— - — - tnhydrated, 399 
— triiodide, 402 

• - trioxide, 397 
trisulphule, 403 
■ colloidal, 403 
Inyoite, 91 • 

Iodoboracites, 

Ionium, 488, 500 
Iridium carbide, 902 
Iron boracito, 137 

- — carbide, 894 

- * diboride, 31 

dicarbide, 894, 890 

- dodocitacarbide, 897 

— - — onneacarbonyl, 900 

— - homiboride, 3 1 
— — - hemicarbide, 890 

hexaboratodiiodide, 141 

hexitacarbide, 890 • 

• magnesia spinel, 154, 297 

monoboride, 30 

— — nitrosopentadeeaearbonyl, 900 

— A octitacarbide, 894 

pen tacar bony 1, 958 

pentahemiboride, 3 1 

pentitacarbide, 890 

• — • — - aesquicarbide, 894 

spinel, 154 4 

aubcarbide, 890 

tetracarbonyl, 900 

tetritacarbidA, 8&4, 895 

tricarbide* 894 

tritacarbide, 894, 890 

Ishikawaite, 510 

Isohydroborododecatungstic acid, 109 
Iaomerism, 721 
Ivory black, V)Q 

J 

Jeremejeffite, 100* 

Jeremejewite, 4, 155 
Jezekite, 370 


! Johnstrupito, 513 
j Junonium, 504 


K 

Kamrivehte, 523 * 

Ivalaite, 155 
Kahbonto, 4, 99 
- Kalirnte, 154. 342 
Kallam, 302 
Kehoeite, 371 
Keilhauite, 51.| 
Kelp-char, 750 
Kenotniie, 527 
K( i ramohahte, 154, 333 
Kiln charcoal. 748 
* Kibchtmutc, 522 
Kischtun-parisitc, 522 
Klaprothite, 370 
Klein's solution, 1 10 
Klmehite, 275 
Kljakile, 275 
Knopite, 513 
Koehehte, 517 
Koli-i-noor, 7 1 1 
Kohleustoffettlcium, 850 
KohlenstotTkahum, 817 
Koppite, 519 
Kosmium, 504 
Kreittonmte, 290 
Krisobenl, 294 
Kryolito, 304 
Kryolith, 304 • 

, Kryptol, 833 
Kunheim metal, 010 
, Kupferacetvlon, 853 


! • L 

i Laeroicite, 370 
Lagomtef 4 •* 

1 Lampblack, 750 
! Lanthana, 501, 025 

- - preparation, 587 
, Lanthanates, 028 

I Lunthama isolati<m, 550 
Lanthamtc, 507, 521, 005 • 

| Lanthanoeerite, 507 % 9 

Lanthamim ammonium carbonate, 000 
nitrate, 071 

m sulphate, 059 • 

• analytical reactions, 008 
atomic number, 022 
weight, 021 

- — bprate, 104 

- - bromide, 045 

* - heptabrornide, 045 

- — §aisinm nitrale, 071 

calcium carbonate, 000 

- -- carbide, *3 
carbQnate^004 

; - — eerie sulphate, 602 

1 — - chloride, 0$1 

„ — hydrated, 041 

— hexahydrated, 041 

— — (di)*ammonium, octosplphate, 859 

potassium, hexasulphate, ^58 

octosulphate, 058 ^ 
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Lanthanum dioxide, 630 

dioxymonocarbonato, 665 

dioxvsulphale, 651 

disulphide, 649 

i fluocarbonate, 665 

fluoride, 638 

— - (hexa) caesium l?enasulphate,.068 

rubidium hexasulphate, 658 

hexamminonitrate, 669 

- - hydrazine sulphate, 659 
• hydride, 602 

-- hydrofluorido, 638 

- - hydropyrophosphate, 675 

- hydrosulphate, 656 * 

- hydroxide, 628 
iodide, 646 

~ - - magnesium nitrate, 672 
metaborate, 104 

metaphosphate, 675 

~ - nitrate, 668 

occurrence, 586 

orthophosphate, 675 

oxalatonitrato, 690 

— oxybromide, 645 
oxy dicarbonate, 666 

— pentoxide, 634 

; potassium carbonate, 665 

— , . nitrate, 670 

— orthophosphate, 675 

— sulphate, 658 
reparation, 590 
roperties, chemical, 601 
physical, 591 

— - pyridine sulphate, 651? 

quinolirto sulphate, 659 

rubidium hydronitrate, 670 

! nitrate, 670 

sesquioxide, 625 

— - sodium carbonate, 665 

nitrate, 670 

: — pyrophosphate, 675 

sulphate, 657 

sulphate, 650 

ba$ic, 651 

— enneahydrated, 653 

— hexadecahydrato, 654 

- hexohydrate, 654 

— — • dulphatoceraie, 660 

— — sulphide, 648 

(tetra) amrimonium honasulphato, 659 

— — tetralummide, 608 

' thallous nitrate, 671 

zino nitrate, 672 

Lapis lazuli, false, 370 

plumbarius, 713 

Lapiz, 714 

plomo, 714 

Larderellite, 3 
Lateriies, "248 
Lazulite, 154, 370 

f calcium, 870 

Lead aluminate, 297 

boratodiohloride, 140 f 

— — borotungstate, 111 
carbide, 885 

(di) hexaborate, tetrahydrated, 106 

— : — diboratodiohloride, 140 

fluoaluminate, 310 

- — fluoborate, 128 
— hexaborate, 106 


Lead; metaborate, 106 • 

! -tetraborate, tetrahydrated, 106 

Leithner's blue, 2J>8 
| Lettsomite, 154, 353 
Leyden|t>lue, 298 
Lherzolite, 298 
Linseperz, 155 
Liroconite, 155 
Liskeardite, 155 
Lithia alum, 3|2 . 

Lithium acetylene ttiamtninocarbide, 849 
aluminium phosphate, 367 

- — sulphate, 342 
i — -r- carbides, 847 

• decaborate, d$cahydrate$i, 66 
' diborate, 65 , * 

- ■ docosibromoaluminate, t 326 , 

4 enneahydropentalanthanate, 628 

fluoalmninate, 303 

1 fluoborate, 126 

hexaborate, hexahydrated, 66 
hexachloroindate, 400 

hexachlorothallate, octohydrated, 445 

hexafluoaluminate, 303 
hydrometaluminate, 287 
isotetrahydroborododecatmigstate,109 
-- - - meta-aluminate, 287 
metaborate, 65, 79 
- octohydrated, 65 

i octoborate, hydrated, 66 

I sodium fluoaluminate, 306 

J - sulphatoaluminate, 34J 

! — tetraborate, 65 

| — pentahydrated, 66 

| - - tetrabromoaluminate, 326 

— tetrachloroaluminate, 321 

thallic disulphate, 469 

— — thallous chlorides, 441 

L&wigite, 353 
Lorandite, 407 
Loranscite, 481, 516, 519 
Luoinite, 363 
Ludwigite, 4, 114 
Liineberg sedativo spar, 137 
Liinebergite, 147 
Luneburgite, 4 
Lutecia, 707 

isolation, 705 

Lutecium, 498, 706 

atomic number, ' 706 

— • weight, 706 

chloride, 707 

hydroxide, 707 

isolation, 556 

— — properties, 706 

- — sulphate, 707 
Luteooobaltic fluoborate,'’ 128 
Lychnis, 295 


M 

Mackintoshite, 515 
Madupite, 531 
Magnalium, 237 
Magnesia alum, 154, 354 
— — alumina-lime, 295 

^ iron spinel, 154, 297» 

sginel, 154, 295 

, Magnesium elumiaate, 295 
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Magneauraroluinmium alloys, 235 
* — - — carbonate, -359 

copper* alloys, 2^7 

— *. phosphate, 370 

— sulphate, 383 • | 

— ~ boratoferrite, 114 

— - boratophosphate, J47 

— boratosulphate, hydrated, 147, 

boride, 25 

borite, 39 • 

borohydrates, 40 • # 

borotungstate, 110 

bromoallylenide, 807 

— bromocarbide, 867 

— calcium hexaborate, Jiexahy drated, lot) 
•sodium fluoaluipmate, 309 

carbide, 807 
ceric nitrate, 074 
— .cerous nitrate, 07 1 

— cobalt borate, 114 

— (di) diborate, 97 

— hexaborate, 98 

— thallous sulphate, 407 

dioorate, 97 

— *. octohydrated, 98 

trihydfated, 97 

— diboride, 25 

— diborohexahydroxide, 40 

dibromocarbide, 807 

ditritaluminide, 235 

ditritathallide, 427 

dodecaborate, octodecahyd rated, 99 

— - fluoaluminate, 310 

fluoborate, 128 

gadolinium nitrate, 095 

hemithallide, 427 

hexaborate, heptahyd rated, 98 

octohydrated, 98 

hexadecaboratodibronnde, 140 

— hexadecaboratodiehlonde, 137 

hexadecaboratodi iodide, 141 

hydroxyorthoborate, 97 

— > hypoborate, 38 

isotetrahydroborododeeatunghtHteJ 10 

— — lanthanum nitrate, 072, 

motaljorate, 97 

metaindate, 398 

neodymium nitrate, 072 

*>cto borate, trihydrated, 99 

octobromoalummate, 327 

octochlbroaluminate, 322 

octochlorodithallate, hexahydrated, 

447 

orthoborate, 90 

— enneahydrtUed, 00 

perborate, 120. . , 

potassium hexadecaborate, enneahv * 

drated, 99 

praseodymiiun nitrate, 072 

— - — samariunyutrato, 072 

seequialuminide, 235 

sodium decaborate, 99 

i fluoaluninate, 309 

— — sulphalumjpate, 332 • 

(tetra) copper hexaluminide, 237 

tetraborate, .97, 98 

tetrasulphatoaluminate, 354 

thallous oarbqpate, 472 

chloride, 441* 

orthophosphate, 478 • 
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i Magnesium thallous sulphate. 407 

| (in) octoborate, 98* * 

j tnhemialuminide, 235* 

l tritetritalumlmde, 230 

i - tnthellide, 427 

- zinc alumimde, 240 

aluminium aflu\s, 2-10 

Magnetite, 290 

Malaeone, 530 
.Malohic anhydride, 905 
I Mamolone de Comouailien, 529 
j Manganese alum, 154, 351 
boraeite, 140 

j - - - borotungsthte, 111 • 

carbide, 892 
dibofatc, 1 1 3 
fti boride, 29 
* dioarbido, 892 

hcxadecahuratodibroimde, 140 
hexadoeaboifttodiehloride, 140 
hcxaboratoduodidc, 141 
metaburate, 1 1 3 
monobondo, 30 
orthoborate, 113 
pentaborate, 113 
scsqui borate, 113 
spinel, 297 

totrahydro-ortlioborate,inonoli> drated, 
112 

titraborate, 113 

pontahydratod, 113 
trihydrated, 113 
tntacarbide, 892 
Manganous aectylide, 893 
alu inmate', 297 . 

carbide, 893 
Murignacite, 519 
Masrium, 504 
! Matrix turquoise, 309 
i Meiler, 7*8 
Melanoeerite, 514, 529 
Mellite, 155 
Mellitio anhydride 900 
J Mendozite, *154, 341 
' Mengite, 523 
Mercuric allylcmdc, 809 
borate, 100 
borotungstate, 110 
carbide, 808 # 

diehioroacetylene, 809 
didymium elilorido, 043 
- diboroeyanide, 043 
I bi'imtballide, 428 

^lexaeyanoti'ichloroeerate, M40 
hoxacyanotrichlorolanthanate, 042 

- hoxadooachlA-ooerate, 040 

- hexadecaehlorolanthttnate, 042 
hytlroxycarbido, 809 
octobromoalummate, 327 
oxyiodoaluminate, 329 

— - tnallous bromide, 451 

— ..... _ chlorffle, 442 

'dibromomtrato, 476 

— •— dichlofonitrate, 476 

iodide,^469 
- nitrate* 476 
| - yttrium chloride, 081 

f Mercurous*acetylide, 869 

— borate, 100 * 

-Ixirododocatungstate, 110 
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Mercurous, carbide, 867, 869 

tetrabroAoatoiminate, 327 

thallous nitrate, 476 

Mercury -aluminium alloys, 240 

cerium alloys, 007 

dithallido, 428 

- ~ ditritaluminicfc, 240 

hexitathallide, 428 

yttrium alloys, 680 

Mesoboric acid, 48 
Meta-alumina, 282 
Meta-aluminatos, 285 
Meta-aluminic acid, 274, 285 
Motaboric acid, 47, 48 • * • 

Metaceria, 501 
Meta elements, 495 
Metaindates, 398 
Metaindic acid, 398 
Metalanthanates, 628 
Metal carbonyls, 950 
Metamerism, 722 
Methanides, 846 
Meyerhofferite, 91 
Micas, 155 
Michaelsonite, 509 
Miorolite, 519 
Mine de ploinb, 713 

— — — noire, 713 

Minerals, opening up, 545 
Minervite, 155, 362 
Mischmetall, 608 
Molfcte, 370 
Molybduena, 713 
Molybdenum boride, 29 f 

carbide, 888. 

carbonyl, 952 

heiuicarbide, 888 
Molybdic borate, 108 
Molybdous borate, 1 07 
Monacite, 523 , 

Mouazitq, 523 
Monazitoid, 623 « 

Monium, 501 
Monoborany, 36 
Monotropic allotropy, 72 
Montebrasito, 155, 367 
JMordant d’aliirnine, 352 


Morinito, 367 
Mosandra, 502 
Mosandrite lf 5l3 
Mountain bltie, 370 
. Muromontite, 509 
Musite, 521 r 
Mussite, 521 
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Namaqualite, 154 
Natroalun, 341 
’ Natural smelt, 370 
Nebulivun, 617 
• Neocolemanito, 90 


N#didymium, 501 
dymia, 625 
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■W-V 


— preparation, 588 
Neodymium, 501 

ammonium carbonate, 666 

— — .» nitrate, 671 

« analytical reaction, 608 

— 'atomic number, 622 


Neodymium, atomic weight, 65M 

bromide, 645 

egesium sujphate, 658 

’carbide, 873 

la'rbonate, 664 * 

ceric sulphate, 662 

— chloride, 643 . 

, — hexahydrated, 643 

— monohydrated, 643 

chloroxalate, 643 

- diamminocWoride, 644 

dioxide, 630 

■ dioxymonocarbonate, 065 
dioxysulphate, 651 • 
dodecammiqochloride, ^64* 

fluoride, 638 • • 

- henadecamminochlgride, 644 . 
hydrazine sulphate, 659 

hydride, 602 

hydrosulphate, 656 

- hydroxide, 628 

- iodide, 646 
isolation, 551 
magnesium nitrate, 672 
motaborato, 104 
monammi ochloride, .644 

- nitrate, 669 
occurrence, 586 

octainmi nochloride, 644 
oxalatonitrate, 670 

- oxychloride, 643 

- oxydicarbonato, 665 # 

• pentannninochlorido, 644 
pentoxide, 034 
potassium carbonate, 666 
preparation, 590 

— properties, chemical, 601 

-, physical, 591 
rubidium nitrate, 671 

- sosquioxido, 625 
sulphate, 650 

- basic, 651 
octohydrated, 654 
pent ahy drated, 654 
sulphatoc^ratc, 660 

• sulphide, 648 . 

— sodium carbonate, 665 
tetramminochloride, 644 

— zinc nitrate, 672 
Neo-holmium, 698 • 

Neokosmium, 504 
Neotantalite, 519 
Neoytterbium, 498 
Nickel boracite, 140 

- borido, 31 ' ' 

borotqngstate, 1 1 1 

carbonyl, 953 * 

(di) diborate,* 115 •, 

— diboride, 32 

. — dodecabromodidymate % 645 
dodecabromolanthanate, 645 

- graphite, 900 

hemiborido, 32 C 

— - hoxadecaboratodibroifcide, 140 

hexadecaborato diehloride, 140 
hexadecaboratodiiodide, 141 
— ootoborate, decahydrated, 115 

* 4.U-I i.~ 11K 

, heptahydrated, 


' Ul WlUUUlOVtJ, uu % 

• ^pentafluoaluminate 
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Nickel perborate, 120 
r- tetraborate hexahydrated, 11 
tritacarbide, 001 
Nickelous kcetylide, 901 * 

— carbide, ,901 
Nigrica fabilis, 713 
Nitrogen carbide, 887 . 

Nitron, 1 

Nitronambl ygomte,' 307 
Nitruin, 1 
Nohlite, 510 


Noir d’acetyiene, 752 
Noir do fume, 751 
Noir do vigne, 749 
NordenskiOIdme, 105 
Nordenwksoldite, 105 
( Norite, ^50 
‘Niiftiborg gold, 234 


. O 


OchrOite, 507 
Oehroito, 490, 501 
Odontolite, 308 
Oersted's reaction. 313 
Oildag, 753 
Oolitic ore, 249 
Orloff diamond, 711 
OrtlutoH, epidote, 510 
Orthobonc acid, 17, 48 
— . — preparation, 19 
Oxyalumina, 271 
Ozonite, 119 


1 * 


Paehnohte, 303, 309 
Pandermite, 3, 89 
Paraceric oxide, 073 
Paraluminate, 338 
Paraluminite, 154 
Parasite, 137 

Parchnolito, lot , 

Parisite, 521, 000 
Patemoite, 97 
Pearl dust, 219 
Peoslite, 897 

Pearly constituent of steel, 897 
Pebble ore *249 
Peganite, 155, 306 
Pontaboron enneahydi icfe, 30 
Perboratos, 115 
Perborio aci<l, 115 • 

Perborin, 119 

Perceric ammonium carbonate, 008 

potassium carbonate, 000 

----- rubidium carbonate, 067 
— ■ — sodium carbonate, 008 
Persil, 119 
Pbilippia, 500 
Philippium, 497t 

Phonolite, 531# * 

Phosgene, 902 
Phosphocorite, 523 
Pickeringite, 154, 354 
Picotito, 154, 298 # 

Picroalluminite, 354 
Picroallumogene, 854- , 
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j Picroallumogin, 351 
j Pieroalumogen, 154 # I 

Piedra mineral do plonin, TI4 
Pilbarite, 515 
PmakioUte, 4, \IA 
Pinnoite, 4, 97 
1‘iHolitic o£ k , 249 
! Pissophime, 338 
1 Pit charcoal, 718 
j Pitchblende, 530 
| Pitt diamond, 71 1 
j Plagiocitrite, 154 
i Planerite, 300, 307 
. # j Plat nums didymium chloride. 013 
; Platinum boride, 32 
j dtcarbide, 902 

lieptabromopmsoodynuitc, 045 
I JMeonoste, 154, 2517 
I Plumb de nier, 713 
i Plombagma, 714 
j Plomb-gomme, 297 
; Plumbago, 713 
tinghea, 713 
I - Hcriptoiia, 713 

( Plumbca graphis, 713 
1 Plumlmm nigrum, 713 
, Poly borates, 47 
1 Polybone muds, 17 
• Polycrase, 518 
j Polymerism, 721 
< Polymigiute, 517 
Porcelain, hot -cost. 304 
; Potash alum, 343 

- gallic alum, J185 

j - thftllic alum, 407 

| Potassium acetylene earoide, sl9 
illuminate, 289 
aluminium alloys, 229 
i carbonate, 369 

; * hydroxysulphate, 353 

nitrate, 301 
sulphate, 34^1 • 

iilumnioborate, 103 

* uninloalumfnato, 212 
amiiimoaluminate, 289 
boratofiuorido, 1 25 

j boride, 23 

borohyd rates, 40 
liorylphosphate, 147 

- calcium alurninales, 204 

carbide, 847 i 

carbonyl, 951 

j carburet, 847 

i 0 ceric nitrate, 073 * 

— sulphate, 002 
! corona carbonate, 006 

* - (di) hexasulphate, 058 

I - *- octosulphate, 058 

j • - - - pentosulphate, Of^ 

• j nitrate, #670 ■ 

I * orthophosphate, 075 

sulphate, 0 8 • 

i 1 (tetra), enneasulphate, 058 

chlofosulphatoaluramate, 352 

• cuprous chlorocarbide, 853 
decaborate* octohyd rated, 78 

— diborate, 77 

^iflimpentaohlorodith^late, 447 * 
disulpnatoaluminate, 842 * 

— + heptahydrate, 352 

• 
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Potassium disulphatoaluminato tetrahy- 
dr ate, 3K2 * 

disulphatofhdate, 405 

dodecaborate, decahydrated, 78 

, ennbabromothallate, trihydrated, 452 

enneachlorodialuminqte, 322 

— * ’ enneafluoaluirifnato, 307 
— — onneahydropentalanthanate, 628 

— enneaiodothallate, trihydrated, 461 
erbium sulphate, 704 

fluoborate, 126 

fluodidymates, 038 

- fluoperborate, 1 29 

— fluoseandate, 489 • 

hemithallide, 426 
heptabromoaluminate, 326 1 

— - heptafluodithallale, 437 

— - hexaborate, 78 • 

hexachloroaluminate, 322 

— hexachloroindato, clihydrated, 400, 402 

hexachlorothallate, dihydrated, 445 

-- hexafluoaluminate, 307 

— hexahydroxydisulphatoaluminate, 353 

- hexahydroxydisulphatoindate,. 405 
hydrotrifiuothallite, 437 
hypoborato, 38, 120 

• iHotetrahydroborododecatungstate,l 10 

- lanthanum carbonate, 665 
— — * (di ) hexasulphato, 658 

octoHulphato, 658 

- - nitrate, 670 

- b orthophosphate, 675 

sulphate, 65$ 

- -- magnesium honadiyaborate, eimoa- 

hydipted, 99 
metaborate, ll 

— - metaphosphatometaborate, 79 

neodymium carbonate, 666 

- octoborate, 78 

— - pontaborate, 78 c 

— .pentaehlorothallate, 446 

pentafl v oalumina t o , 306 

pentanitratothallate. 477 

— ~ perborate, hemihydr&ted, 1 1 9 

flemiperhydrate, 119 

perceric carbonate, 666 

perdiborate, 120 

-^praseodymium carbonate, 665 

! — (di) hexasulphate, 658 

sulphate, 668 

samarium carbonate, 666 

pentadecasulphate, 658 

scandium sulphate, 492 

sulphoaluminate, 331 

sulphoindate, 404 

— - tetraborate, tetrahy tf rated/ 77 

tetrabroraoahiminate, 326 

tetrabromothallate, dihydrated, 452 

— — tetraohloroaluminate, 322 

tetraiodoaluminate* 328 

tetraiodothallate, 461 

tet^asulphothallate, 4C 1 

- — thallate, 435 

thallio disulphate, 476 , 

hydroxydisulphate, 470 

.■ ttyallide, 426 

thallous chlorides, 441 

trifiuothallite, 437 

r — • trihydroborododecatungstate, 110 

* yttrium sulphate, 682 


Praseodidymium, 501 
Praseodyinia, 625 

preparation, 588 

Praseodymium, 501 

wmnonium carbonate, 606 

— nitrate, 671 

— - — analytical reactions, $08 
— atemic number, 622 

weight, 621 

bromide* 045 

— hexah/dratfcd, 645 

• — caesium sulphate, 658 

— carbide, 873 
■ # t — - carbonate, 664 
ceric sulphate, 662 

chloride, 642 

— — heptahydrated, 642 

— hexahydrated, 642 

monohydrated, 642 

— trihydrated, 642 

— ehloroaurate, 643 

--- (di) ammonium hexasulphate, 659 

— potassium hexasulphate, 658 

-• dioxide, 630 

dioxy monocarbonate, 665 

— - dioxysulphate, 651 
— disulphide, 649 

fluoride, 638 

— hydride, 602 

-i. — hydrosulphate, 656 

— hydroxide, 628 
iodide, 646 

— isolation, 551 
magnesium nitrate, 672 
metaborate, 104 
nitrate, 669 

I - - - occurrence, 686 

— oxychloride, 642 

— oxydicarbonato, 665 

j oxysulphide, 649 

| pentoxide, 634 

I — potassium carbonate, 665 

, sulphate, 658 

i * — - preparation, 590 

— properties, chemical, 601 

physical, 591 

— — rubidium nitrate, 670 

sesquioxide, 625 

sodium carbonate, 665 

sulphate, 650 

basic, 651 

dodecahydrated, 654 

•_ hexahydrated, 654 

— * octohvdrated, 654 

— - pentahydrated, 664 

— sulph^tocerate, 660 

sulphide, 648 * 

ziric nitrate, $72 

Precipitation, fractional, 538 
* Pricelte, 3 
Prinoeite, 89 
Priorite, 518 
Prosopite, 154, 309 
Pseudo ‘alums, 354 
Pseudo -carbon, 721 
Pseudo-galena, 713 
Pseudo-wavellite, 366, 529 
i pyridine cerium sulphate, 059 

lanthanum sulphate, 659 

Pyroboric a*Jid, 47 
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PyrochloreL % 519 
Pyrocolumbate, 516 
Pytoconito, 309 • 
Pyrolusito, 530 
Pyrophoric alloys, 610 
Pyrorthitc, 569 
Pyrotantalate, 516 
Pyrrhite, 519 


Quartz, cubical, 137 
Quinoline comity sulphate, 050 
lanthitmm sulphate, 659 


R 

Kalatonite, 3(J3, 309 
Hare earth group, separation of, 543 
- - ■ - metals, asteroid theory, 615 

- electronic structure, 618 
position in periodic table. 
612 

valency, 612 

minerals, opening up, 545 
oxalates, 543 
earths, 494 

history, 496 

• isolation of, 546 

removal thoria, 546 

~ - - resolution into ceria and yttrm 

groups, 548 

separation by fractional crystal- 
lization, 557 

•'**•*■ distillation, 575 

• electrolysis, 575 

oxidation, 572 
precipitation, 561 
--- sublimation, 575 

physical processes, 575 

ceria earths (James’ pro- 
cess), 649 

- — - yttria earths (James’ pro- 
cess), 552 

Reactions' aluminothermic, 218 

thermic, 218 

Red^liquor, 352 
Redondite, 362 
Regent diamond, 711 
Reisblei, 714 
Retort, charcoal, 748 
Retzian, 530 
Rhabdophano, 529 • 

Rhodium borate, 115 
Rhodizite, 4, 102, 155. 

Richmond ite, 3$2 ' 

inkite, 513 
isdrite, 517 
Rocca, 148 * 

Roche alum, 148 
Rock alum, 148 * 

Rogerium, 504 ^ 

Rogersite, 616 
Roman alum, 343 

alums, 149’ 

Roscherite, 370 # 

Rose, 741 

Roeenbuschite, 514 


Rothbeise,’352 
Rotzalun, 148 
Rowlandite, 521 
Rubicelle, 295 

Rubidia alum, 345 • 

— gallic alum, 385 
— indium alutn, 404* 

Rubidium‘acetylene carbide, 849 
aluminium sulphate, 345 
. carbide, 847 

- eerie nitrate, 673 
corous nitrate, 670 
disulpbatoalfnnmate, 345 
disulphaUundate, 404 

- enneafluoaluminate, 30 
lluoborate, 1 27 

hexabromot haliftte, monobydrated, 463 
hexachloroindate, 400 
hexac.hlorothallato, 446 

- dihydratod, 446 

• - - - monobydrated, 446 
hcxftfluoaluminate, 307 
lanthanum (hexa) heiittsulphate, 658 
hydronitrate, 670 
nitrate, 670 

neodymium nitrate, 671 
pent aborate, 78 

pentabromomdate, monohydratod, 401 
jientftehloroindate, monobydrated, 400 
pentachlorot hallate, monobydrated, 
446 • 

pcrceric carbonate, 667 
praseodymium nitrate, 670 
tetraborate, 78 
- - he xah Abated, 78 
tetrabromot hallate, humol^drated, 452 
tetraiodothallate, dihydratod, 461 
tlmllic disulphate, 470 
thailous chlorides, 441 
Ruby, m, 247 

- balds, 295 
(spinel), 154. 295 # 

synthesis, 2£9 

Russium, 7504 • 

Ruthenium dicarbonyl, 961 
Rutherfordite, 617 


S 

• 

Sal sedativum, 2, 4, 48, 49, 6/ 

- - — - Hombergii, 2 
Salaocio, 51 

Sald&nite, 333 t 

Samaria, 502, 625 

preparation* 588 

Samarium ammonium carbonate, 666 
• - sulphate, 659 
• analytical reactions, 608 

atomic number, 622 
- 4 — weight, 621 
bromide, m 

— — -Miexahydrated, 645 
carbonate, *664 

chlonde, 644 

— „ hexahydrated, 644 

~~ monobydrated, 644 

diamminochloride, 644 

dichloride, 644 • . > 

• diiodide, 646 
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Samarium dioxyaulphate, 651 * Scandium occurrence, 480 

fluoride, ^38 - orthoborate, 104 

hemienneadecamminochloride. 644 orthodisilicate. 482 • 


hemitricosiamminochloride, 645 

~ hydride, 602 

hydropyrophosphate, 675 

— f - hydrosulphat% 656 * 

hydroxide, 628 

isolation, 551 

magnesium nitrate, 672 

metaborate, 104 

metaphosphate, 676 

— • monamminochlorid6, 644 

nitrate, 069 , 

occurrence, 586 

ootamminochloride, 644 

orthophosphate, 676 

oxyohloride, 644 

pentamminochloride, 644 

pentoxide, 634 

potassium oarbonate, 666 

. — — pentodecasulphate, 658 

preparation, 690 

properties, chemical, 60 1 

physical, 691 

sescjuioxide, 625 

sodium carbonato, 665 

sulphate, 657 

sulphate, 650 

basic, 651 

octohydrated, 054 

• j sulphide, 648 

tetramminochloride, 044 

triamminochloride, 644 

— ™ tricholorido, 644 * 

triiodfde, 646 

, — __ z i n c nitrate, 672 
Samarous chloride, 644 
Sami resite, 519 
Sanoy diamond, 711 
Saphiros, 247 
Sapphire? 154, 247 

Oriental, 247 

. Sassolin, 3, 49 
Sassolite, 3; *49 
Satin white, 290 
Soandia, 4f98 
° Scandium, 480 
— - aflimonium carbonate, 492 
sulphate, 492 

— analytic reactions, 486 

— atomic disintegration, 487 

number, 487 

— - — - \&ight, 487 

— bromide, 490 
hexahydrated, ^90 

sesquihyd rated, 490 

— oarbonate, 492 
— - ohlqride, 489 

— * hexahydrated, 490 

sesquihydrated, 490 

extraction, 482 

fluoride, 488 

halides, 488 

- — history, 480 
- — - hydrazine sulphate, 492 
Hydroxide, 488 

t hydro xynitrate, 493 

isotope, 487 

— titrate, 493 


, — bxide, 488* 

<|»ynitrate, 493 • 

! oxysulphate, 491 

— phosphate, 493 

potassium sulphate, 492 

- properties, physical, 485 

sodium parbonate, 492 

• j su^)hate, 492 

— — sulphate, 491 

, • dihydrated, 491 

: __ — . — hexahydrated, 491 
— . _ — . pentahydrated, 491 

j tetrahvdrated, 491 

; — — • sulphide, 491 

, sulphuric acid, 491 

, trihydrosulphate, 491 

Schanyawskite, 275 
Schorl, 4 
Schungite, 718 
Scovillite, 529 
Sea-lead, 714 
Sedative salt, 2 

spar, Liinberg, 137 

Sel alumineux, 150 

■— — blanc des alchemistes, 2 

— sale, 2 

- sedatif , 2 

urineux mineral, 1 

volatil de borax, 2 

Self-oxidation, 812 * 

j Separating element, 541 
Serpentine, 531 
, Sesquimagnesia alum, 354 
Shanyawskite, 275 
Silicon borate, 106 

• - carbide, 875 

carboxides, 884 

dicarbide, 870 

— — dioxycarbide, 884 

• • dioxytricarbide, 884 

— • hexaboride, 27 

hexaferrocarbide, 884 

monocarb’ide, 876 

— - oxycarbide, 884 

— oxydicarbide, 884 
pentatritacarbide, 875 

tri boride, 27 , 

trioxycarbide, 884 

Siliqua, 712 
Sillimanrte, 155 ' 

Silundum, 879 
Silver allylenide,* 865 ♦ 

alum, 341, 345 

• — -- alumiriide, 233 . 

1 Aluminium-, *233 

alloys, 232 

. phosphate, 370 

; sulphate, 341, 341) 

and thallium, 426 

boride, 24 * 

bqrotungstate, 110 ^ 

• bromatocarbide, 855 

— carbonyl, 951 

ceric sulphate, 662 

*- — cerium alloys, 606 0 
chlorocarbide, 855 

— ftichrojnatocpbide, 855 
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Silver dinit Atocarbide, 855 

— disulpnatoaluminate, 345 

— — ditritaluminide, 232 

- — enneodecaaulphodeeakuninate, 3fl 1 

— fluocarbide, 855 . , g 

— hemialuminide, 232 

- heptabromoaluminate, 328 

— — iodocarbide, 855 

— - isotetrahydroborododecatungnfate, 1 10 

— metaborato, 85 

- nitratocarbide, £55 m « 

— oxyiodoaluminate, 329 

— — pentachlorothallate, 440 

— - perborate, 120 

— perchlaratoearbide, 855 * ' • 

— phoaohatf carbide, 865 
• — sulpnatocarbide, 855* 

• — w sufpho indate, 404 

— tetrabromoaluminato, 326 
tetrachloroaluminate, 322 

- — thallous sulphide, 483 

trialurainide, 232 
Sipylite, 517 
Siriuxn, 504 
Smalt, natural, 370 
Smorgel, 247 
Smirgel, 247 
Smiria, 247 
Soda alum, 342 
alunite, 353 

Sodium acetylino carbide, 817, 819 
aljylenide, 850 

- — aluminate,4!88 

aluminium alloys, 229 

- carbonate, 359 

- hydroxysulphate, 353 

- phosphate, 367 

— - - pyrophosphate, 367 

sulphate, 342 

amidoaluminate, 212 

- - biborate, 68 

borate, basic, 66 
boratofluonde, 124 
boride, 23 

borylphdsphate, 147 

borvlsulphate, 146 

calciPim and aluminium fluoride?, 308 

hexafluoaluminate, hydrated, 7<»9 
- magnesium fluoaluminate, 309 
-- - carbide, 846, 847^ 
carbonyl, 951 

— ceric sulphate, 662 
cerium alloys, 605 • 

• eerous carbonate, 665 

(di) hexafulphate, 657 

nitrate, 670 

— - — - orthophosphate, 675* 

pyrophdsphate, 675 

sulphate, 657 

(tetra) enneasulphate, 657 

— decaborate, decahyd rated, 77 

— diborate, 62, 67, 68 

. — monohydra ted, 66 

octofawdrated, 67 

— tetranydrated, 67 

— dicalcium decaborate, hexadecahy 

drated, 93 

octohy drated, 94 ■ 

— disulphatoalvfininate, 342 « 

— hexadeeahydrate, 346 


Sodium hexadeoahydrate hexahydrate, 352 
disulphatoindate, 405 

— ■*— dodeoaborate, 77 • # 

enneachlorodialwninate, 322 

enneahydropJentalanthanate, 628 

erbium pyrophosphate, 704 
fluoborate, 426 # , 

- fluosoandate, 489 

- gadolinium sulphate, 894 , 

hemithalhde, 426 

‘hoptabromoakunmate, 326 

— (hexa) thallide, 425 
hexaborate, 70, 76 

— - hexachloroaluminate, 322 

hexachlortyhallate, dotleoahydrated, 


45 

— hypoborate, 38, 120 

isotetrahydroborododecatungstate, 109 

— lanthanum carbonate, 665 


. __ lanthanum nitrate, 670 
- lithium fluoaluminate, 


303, 304, 300 


pyrophosphate, 675 

sulphate, 657 

magnesium decaborate, 99 

. fluoaluminate, 309 


— metaborate, 67 

- motaphosphatometaborate, 79 
monoaluminate, 288 

— — neodymium carbonate, 665 

— octeborate, 70, 76 

— „ pen tftbo rate, 76 

perborate, 116 

perceric carbonate, 668 

pertetraborate, 1 20 
praseodymium carbonate, 665 
samarium carbonate, 665 / 
sulphate, 657 
scandium carbonate, 492 
sulphate, 492 
sulpjioaluminato, 331 
sulnhoindate, 404 

(tetm) cupric (tetra) octodee*borate, 

84 • * 

tet raborato/decahy drated, 68, 70, 

— dihydrated, 74, 672 , 

pontaborate, 70 

tetrabromoaluminate, 326 . 

- totracbloroalurninate, 321 

tet rahy droborododecat ungstaW*, •* 09 

- tctraiodoaluminate, 3^9 

’ - totramidoaluminate, 242^* 

— thallic disulphate, 469 
thallide, 425 

— ^thallous chlorides, 441 • 

- trialuminate, 288 

— tricosibrornoalumiqate, 326 

— - ytterbium pyrophosphate, 708 

- yttrium carbonate, 683 

- pyrophosphate, 684 

sulphate, 682 

— • - sulphide, 681 

Solfatarite, 333^ 341 
Sonomaitp, 151, 364 
Soumansite, 367 
Spanish black, 749 
Spar, adamantine, 247 
Sphnrite, 367 

SpinfJ, 15 # 4, 295 

chrome, 154 

iron, 154 
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Spinel iron magnesia, 164 
— * manganese* 297 

magnesia 1§4, 295 

iron,^J97 

precious, 296 

rutty, 164, 296 

7.inc, 164 

Spinels, 276 

Spodiosite, didymium, 676 
Sporogelite, 276 
Stannic barium borate, 106 

calcium borrfte, 106 

heptabromocerate, 045 

strontium borate, 106 

Stannous borate, 105 • 

Star of the South diamond, 711 
Stasafurtito, 137 
Steel, pearly constituent, 897 
Steenstrupino, 613T 
Stove charcoal, 748 
Strontium aluminium pyrophosphate, 370 

— boride, 24 

carbide, 860 

- carbonyl, 961 

decaboratodibromide, 141 

— - (di) diborate, 87 

— — di borate, 87 
dihydrated, 88 

— — — pentahydrated, 88 

— - telrahydrated, 88 

dodecaborate, 93 

fluoaluminato, 308 

— shoxaborate, 92 . 

— - isotetrahydroborododecatungstate, 1 1 0 

motaborate, 87 # 

- metalgmina|o, 293 
ootoborate, heptahydrated, 93 

octoehlorodithallate, liexahyd rated, 

— - ootodecachlorodialuminate, $22 

— — orthoborate, 87 # 

perforate, 120 

stannic <borate^ 105 

sulpbaluminate, 331*, • 

tetrabprate, 91 

l tetrahydrated, 92 

thallous ohloride, 441 

» (tri) decaborate, heptahydrated, 89, 91 

* — — dialuminate, 291 

Stuvemte, 342 
Stypterite, 3$3* 

8ugar charcofU, 747 
Sulphatoaluminic acid, 336 
Sulpha! o-xeaotime, 628 
Sulphoboritd, 4 

Sulfodialuminique hydrate, 337 
Sulphometaboric acid, 1419 
Supcher, 750 
Sussexite, 4, 113 
Svanbergite, 165, 370 
Synaaelphite, 155 ' 

SynohisUe, 522 
Szaibelyite, 4, 97 


T 

Tamarugite, 341 
TanfcAhim oprbide,* 888 
Tautolite, 609 * 


INDEX 

Tavistockite, 165, 370 
Temper carbon, 739 
Tengerite, 521^ 

Tenn^par, 507* • 

Terbii 497, 693 

isolation, 688 

Terbium, 686 

atomic numbof, 690 

« — weight, 690 

bromide, 694 

carbonaje, 695 

chloride, 69$ 

family earths, isolation, 686 

hydroxide, 693 

.**- isolation, 553 
nitrate, 695 • 

- - occurrence, *686 
oxychloride, 694 

- - ■ peroxide, 693 

- properties, 688 

sesquioxide, 693 

Terra calcaris, 150 
Torre argilleuse, 150 
Tetraboric acid, 47 
Tetraboron pentoxide, 39 
— — trioxide, 39 
Tetragophosphite, 370 
Thalenite, 512 

Thallibromschwefels^ure, 470 
Thallic ammonium disulphate, 469 

trisulphate, 469 

bromide, 451 

monohydrated,«A52 

tetrahydrated, 451 

- caesium disulphate, 470 
chloride, 442 

dihydrated, 442 

- — — monohy drated ,442 

tetrahydrated, 442 , 

I - chloroiodide, 459 

j docamminosulphato, 469 

fluodibromide, 453 

I fluodichloride, 447 

trihydrated, 447 

fluorido, 437 

hydronitrate, 477 

hydrosulphate, 469 

— - hydroxide, 431, 435 
— — hydroxysulphate, 469 

iodide, 460 ^ 4 

lithium disulphide, 469 • 

- • (mota) hydroxide, 431, 434 
mqnobromodichloride, tetrahydrated, 

463 

nit-ape, 477 

ortrophosphate, 479 

- — tmsic, 479 ( 

- oxide, 430, 433 ‘ ’ 

— - oxyfluoride, 437 
•- - oxyhydrosulphate, 469 

*-* — peroxide, 430, 435 • 

potash alum, 467 

potassium disulphate* 470 

— hydroxy disulphate, 470 

rubidium disulphate, f70 

sodium disulphate, 469 

sulphate, 468 

v — heptahydrated, 468 

• sulphates, complex 1 ? 469 

s^dphide, 463 
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Thallio sulphuric acid, 469 
' r ' letrammina^uodibromide, 453 
tetrammmofluodichlojride, 447 
triam'rninobromidc, 452 * 

Thallium, 40(^ • j 

— - amalgams, 428 

~ ~ analytical reactions, 423 
-- and aluminium, 429 , 

— cadmium, 428 

- ■ copper, 428 

gold, 427 * * 

— indium, 429 

silver, 428 

— 427 

- atomic npmber, 42^ 

* weight, 424 , 

- basic sulphates, 489 
■ boride, 28 

- borotungstate, 110 
bromides, 450 

-- carbonates, 471 
— ceric sulphate, 682 

chlorides, 438 

colloidal, 410 

— - - dibromide, 453, 456 

— dibromochloride, tet rally drakd, 453 

dichloride, 448 

— dihydrofluoride, 437 
dioxide, 435 

extraction, 408 

fluoride, 336 

- history, 40$ 

’ - iodides, 45*8 

— - isotopes, 424 

— monochlorido, 438 

nit ratios, 472 

occurrence, 400 


oxides, 430 

pentahydrotriphosphate, 478 

pentammmotriehlorule, 444 

jxmtasulphide, 464 

— — phosphates, 477 

properties, chemical, 419 

, physical, 411 

sesquibromide, 453 ’ , 

sesquichloride, 447 

sesquiodide, 460 

« suboxide, 430 

— ♦ sulphates, 465 

sulphide, 462 • 

— _ - (tri) rtydrosiilphate, 468 

— - tetrabromodichloride, 456 

tetrachlorodibromide, 457 

— — tetraiodide, 460 A 

tribromcftrichloVide, fln 

triamminotrichloride, 44$ . 

— — trichloride, 442 • 

— — tri iodide, *460 

tritaantimonide, 422 

— — tritabismuthide, 422 

tritapentabismuthide, 422 

uses, 423 

Thalloaic bromMe, 453 

chloride, #47 • 

— iodide, 460 

nitrate, 475 

— — - oxide, 430, 432 
- — - sulphates, 4#B 

sulphides, 464 * * # 

trinitrosyl chloride 432, #48 


Tfialloeothallic sulphates, 46o 
Thallous aluminate, 297,#32> 

— — aluminium disulphat#, 467 

ammonium phosphate, 478 

auric nitrate, 476 * 

barium chlorides, 441 

— bronyde, 450 ' 

bromosulpltalothallate, 470 
cadmium chloride, 441 

f calcium chloride, 441 

— — - disulphate, 4tW 
carbonate, 4J1 
eerous nitrate, 671 

sulphite, 659 
chloride, 4i>8 
ehloroaurate, 441 
ehlorothallate, 447 
cupric sulphate, 4#B 
deeabornte, 103 

dibroinototraehlorothullnte, 454 
dihydronitrate, 475 
-- dihydrophosphate, 478 
dihydropyrophosphate, 479 
dunagnesiuin sulpliate, 467 
dodecaborate, 103 
dodecafluoaluminate, 310 
ennoafluoaluininato, 437 
ethoxide, 431 

fluoride, monobydrated, 430 
gallic alum, 467 
gallium disulphate, 467 
hnptabroinoaluminate, 457 
I heptachloroaluminato, 442 

heptasulpha’tosulphate, 466 
hexaborate, 103 ) 

hexaohlorothallate, 449 ) 
hydrocarbonate, 472 
hydrofluoride, 437 
hydro phosphate, 478 
hydiosulphate, 467 
hyclrovide, 430, 431 

colloidal, 431 > 

iodide, 458# 
lanthanum* nitrate, 671 
magnesium carbonate, 4t\5 
chloride, 441 
orthophosphate, 478 * 
sulphate, 467 
mercuric bromide, 451 
% chloride, 442 * 

dibromonitrate, 4 til 
dichloronitrate, 476 
iodide, 459 m 

nitrate, 476 • 

— mercurous nitrate, 476 
metaboratf, 103 

— rtaetaphosphate, 479 
nitrate, 472 

• octoborate, 103 < 

orthophosphate, 477 

— -oxide, 430, 431 

pentabot&te, 103 

perftaiodide, 461 

I>er#asul]Jhocuprate, 463 

perborate, 120 

— - pyrophosphate, 478 

dihydrated, 479 

— silver sulphide, 4(?3 • : * 

strontium chloride, 4*1 ( 

, sulphate, 466 
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Thallous sulphatothallate, 468 
— — sulphide, t*62 

colloidal, 462 

tetraborate, 102 

tetrfcbromoaluminate, 467 

— tetrabromodichlorothjallate, 466 
totrachloroaluaainate, 442 , 

tetrachlorothallate, 440 

thallisulphate, 468 

triamminobromide, 461 

— ~~ triamminochloride, 441 

triamminoiodido, 4^9 

tribromotnehlorothallate, 466 

trihyarouitrate, 475 a 

— ■ triiorlido, 461 • 

trisulphocuprate, 463 

vanadyl oxychloride, 432 

zinc chloride, 441 

— — sulphate, 467 

Th4nard's blue, 208 
Thermit, 218 
Thermite reactions, 218 
Thoinsonolite, 154, 303, 309 
Thonerde, 150 
Thonichto Erde, 150 
Thoria, 501 

removal rare earths, 546 

Thorine, 501, 527 
Thorite, 630 
Thorium boride, 28 

carbide, 885 

ihexaboride, 28 

octoborate, 104 

Thorogummite, 515 
Thortveititq, 481 
Thulia, 702 \ : 

— * - isolation, 698 
Thulium, 498, 696 

atomic number, 700 

■ weight, 690 

carbonate, 704 

chloride* 703 , 

hydroxide, 703 

1 isolation, 554 

nitrate’; 704 

— — occurrence, 696 

I oxide’, 702 

^properties, 698 

sulphate, 704 

Tiers -argent, 28S 
Tin boride, 28 
— • — caloite, 93 
carbide^ 885 
Tincal, 1, 3 • 

Tincar, 1 
Titanito, 531 

eucolitic, 512 

Titanium boride, 27 

• carbide, 884 

Titanboerite, 614 
Tiza, 93 

► Tdmeboftmite, 509 
Tonercje reine, 338 
Topaz, Oriental, 247 
Torretfte, 531 
Tourmfdine, 4 
Triborane, 36 
Triborenei 34 f , 

Tritomite, * 

Tyljdite, 155, 366 


INDEX 

* Tscheffkinite, 514 

Tschermigite, 154, 342 
Tungstein, 496, £07 
Tungsten, 607 

Hbtide, 29 

carbide, 890 

— — hemicarbide, 889 

tri^acarbide, 890 

Tungstoborique acide, 108 
Turkish boraaite, 89 ' 
Tumerite, 52S • 

Turquoise, 155, 368 
— bone, 368 
— r- matrix, 369 
tyrite, 516 
Tysonite, 522 , 


U 

Ulexite, 4, 93 
Ultramarine cobalt, 298 
Uralorthite, 509 
Uraninito, 530 
Uranium borotimgstat e, 111 

carbide, 846 

— — dicarbide, 890 
- — hemitricarbid<$, 890 
Uranoniobite, 516 
Uranotantalite, 516 
. Uranyl perborate, 120 
Urbaite, 407 
Urdito, 523 

V 

Vanadium borate, 107 

borotungstate, 1 1 1 

carbido, 887 

Vanadyl borate, 107 
- — - thallous oxychloride, 432 
Variscite, 155, 302 
Vasheggite, 366 
Vasifce, 509 

Velvet copper qie, 353 
Vestium, 504 
Viehito, 362 
Victoria diamond, 711 
Victorium, 501 
Vine black, 749 
VOlkerito, 154 
Volknerite, 296 
Voltaite/164 
Vonsenite, 114 
Voraulite, 370 

• W 

•Wardite, 367 
Wasite, 509 
Wasmium, 504 
Water-glass, boric acid, 75* 
WaveUite, 155, 274, 366 
— — lime, 366 

pseudo, 366 

Websterite, 338 
i einschenkite, 529 
WelsiunJ, 503, 691 * 

Whetwone,^xmeiyan, 247 



Wiikite, 48 f, 519 
Wiferino, 527 
Wocheinite, 249 * 
Woeibyito; 523 
Wolframite, 530 
Wood charcoal, 748 
Woodwarchbe, 154, 3 
Wyomingite, 531 


Xanorthite, 509 
Xanthin, 971 
Xenotime, 627 
sulpbato^S'iS 


Y 

Ytterbia, 490, 498, 700 
— — isolation, 706 
Ytterbite, 490, 508 
Ytterbium, 705 

atomic number, 700 

— weight, 700 

borate, 103 

bromide, 707 * 

— - carbide, 873 

carbonate, 707 

chloride, 707 

hydroxido, 707 

— .... hydroxycaflUonate, 707 

isolation, 555 

motaphosphate, 708 

nitrate, 707 

orthophosphate, 708 

oxide, 700 

oxychloride, 707 

properties, 706 

- — sodium pyrophosphate, 708 
sulphate, 707 

Yttria, 497, 080 

extraction, 070 

spar, 52/ / 

storn^ 497 
Yttrialito, 508, 512 
Xttriogamet, 512 
Yttrjiim, 676 

amalgam, 680 , 

ammonium carbon6Te, 683 

sulphate, 082 

analytical reactions? 679 

atomic number, 080 

— weight, 080 • 

- — - bromide, 081 - 

— — carbide, 873 , . 

— — carbonate,, 082 • 

chloride, 081 

— — dioxysulphate, 082 

- 1 fluoborat4 128 

fluoride, 081 

— *- hydrazine sulphate, 682 
— hydrophosyiate, 684 
‘—X, hydropyrophosphate, 084 

hydrosulphpte, 082 

- — hydroxide, 681 
- — colloidal^ 681 

iodide, 681 

- isolation, 553* - { 


INDEX 

I "'Atrium isotopes, 680 
— — mercuric chloride, 681 # 
—^^mercviry alloys, 681* • 

* — ^netaphosphate, 084 
• imrate, 683 

— — odurrence, 670 
— — orthddisilioate, 51$ 

orthophosphate, 084 

oxide, 080 

«oxy nit rate, 083 

’ peroxide, 08 L 

potassium sulphate, 082 

pi , eppi , ation^78 * 
e — properties*079 y 

* • - - pyrpphosp%te, OlH*^ 

sodium carbonate, 083 
pyrophosphate, 084 
sulphate, 082 
sulphide, 081 
sulphate, 082 
I sulphide, 081 
I Yttrocalcito, 520 
Yttrocerite, 520, 038 
I Yttrocrasite, 513 
| Ytlrolluorite, 520 
J Yttrogumnuto, 515 
i Yttroilmcnitc, 510 
| Yttrotantalite, 497, 610 
i Yttrotitanito, 512 


Zalium, 239 

Zopliarovichite, 185, 302 
Zinc alum, 354 1 

aluminute, 290 
aluminito, 354 
aluminium alloys, 237 
• copper alloys, 240 
- * magnesium alloys, 240 
phosphate, 371 
- sulphate, 354 
alunitc, 154* 
and thallium, 427 
boracite, 140 
Zircon, 530 
Zirconium borate, 100 

— basic, 100 

boride, 26 • 

— borocarbide, 28 
borotungstate, 110 

— - carbide, 807, 885 
-%3ric nitrate, 074 
^cerous nitrate, 672 

- decafluodieogate, 038 

- diborate, 100 
cliearbido, 885 

% ditritaaluminide, 238 t 
dodecabromolanthanate, 045 

- cfbdecaiodolanthanate, 040 

enneabroqpDdidymate, 045 * 

- - fluoltorate, 128 
’ — gadohniumgnitrato, 09fT 

hexadocaboratodibfomide, 140 

— hexadecaboratodichlorido, 140 M 

— — hexadecaboratodiiodide, 141 
fcmthanum nitrate, « ** 

: — - magnesium aluminide, 

— #metaborate, 100 
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Zirconium neodymium nitrate, &72 

* octoboraie deoahyd rated. 100 

- — monoii^cfcated, 100* 

octobromoaluminate, 326 / 

octethlorodithallate, hexah* drated, 

447 ( 

— octodecachloij)tetralliminate t -322 ^ 

octofluoaluminate, 310**' *' 

— — orthoborate, 100 

pentaborate, 100 

— • pentafluoaluminatc, heptahydrated,” 
310 , r 


Zirconium perborate, 12u 0 

— -5- praseodymium nitrate, 672 • 

' - samarium nitrate, 672 

--^--Vsquiborate, 100 

— feinel, lp4 

^ — - sulfur^, 620 " v 

- — tetraborate, tetrihycfcated, 100 
thallous chloride, 441 

— ,~y$ulphate, 467 

— (tri) tetraborate-,* 100 

Zirkelite, 6301 ' • 

Zisium, 239 
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